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Abstract 
Energy storage (ES) system has become an inevitable element in smart distribution 
network (DN) due to massive deployment of renewable energy resources (RERs). ES is capable 
of solving a number of operational problems in distribution network due to intermittent 
characteristic of the RERs while providing numerous other benefits such as ancillary services, 
peak reduction, reliability improvement etc. Among various type of RERs, community level 
distributed photovoltaic (PV) is the fastest-growing power generation system due to its 
technological advancement; declining price and better fit into consumer area. Thus, impact of 
intermittent PV output power is more severe in community level where the consumption is 
happening. Hence, the idea of bringing ES close to the source of the problem has led to the 
development of concept called community energy storage (CES).  
Most available studies claimed that the deployment of CES is more effective in alleviating 
the impact of high PV penetration while offering more benefits than the centrally located 
substation storage if properly planned and effectively controlled. However, comprehensive 
review found that very scant analytical evidences were shown to prove the statement. Besides, 
currently CES allocation is determined based on maximizing specific benefit while neglecting 
others benefits of its deployment. Very scarce previous works provided a complete allocation 
framework that can optimally site, size and dispatching CES units by considering both its 
technical and economic benefits. Hence, this thesis aims to develop comprehensive CES 
planning strategies in residential distribution network with rooftop PV by considering various 
technical and economic issues. 
The first contribution of the thesis is the assessment on the impact of ES load levelling 
on the energy loss reduction in DN with PV units. In addition, a methodology based on the loss 
sensitivity factor (LSF) is developed to identify the proper location of ES for minimizing 
energy loss in DN. Secondly, an analytical allocation framework that can determine the 
strategic location, size and operational characteristic of CES unit for load factor enhancement, 
energy losses reduction and voltage profile improvement is proposed in the thesis. Within the 
proposed planning framework, a new probabilistic method is developed to model the 
uncertainty of PV generation in an existing residential system. This model is simple and 
requires less input data and calculation than the existing probabilistic PV model. Thirdly, the 
thesis presents a comprehensive planning framework for single and multiple CES units based 
on Cost Benefit Analysis for maximizing the NPV of CES deployment. The planning strategy 
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accommodated all possible benefits and costs incurred from the deployment of CES. Sensitivity 
analysis on the impacts of the number of CES units, CES’s price reduction, PV penetration and 
load models on the profitability of CES deployment are also included. Finally, the thesis 
proposes a novel framework of virtual microgrid (VM) construction with CES in residential 
network with rooftop PV for maximizing the NPV of CES investment. In the proposed 
framework, a new method for designing VM and a novel business model for CES are 
introduced to increase the profit gained by the utility and consumer. 
The studies reveal that all the proposed allocation strategies are able to achieve their 
objectives of CES deployment which consists of various technical and economic benefits. In 
addition, a maximum profit can be gained by clustering the residential network with rooftop 
PV into a specified number of VM and optimally allocating CES unit in the VM using the 
presented framework. Moreover, it is revealed that there was an optimal number of CES units 
and VM that should be deployed for achieving maximum NPV. Hence, inclusion of all possible 
financial benefits and costs of CES in the planning strategy may enhance CES prospect in ADN 
and provide comprehensive guideline for the utility in deploying CES. Furthermore, it is shown 
that by renting out some of CES energy to the prosumer in residential network, increment on 
the profit gained by CES investor and reduction on the consumer’s electricity bills could be 
achieved. 
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 CHAPTER 1  
INTRODUCTION 
 
1.1 Background 
Electric power sector has experienced a rapid growth of renewable energy (RE) 
generation especially in distribution network (DN). This has resulted from the concerns on the 
global warming issues, advancement on the technologies, government incentives, and technical 
and economic benefits of RE [1].  Among RE resources, small-scale distributed energy 
resources (DERs) such as roof top photovoltaic (PV) also recorded the same trends since the 
last decade and may experience the highest proliferation in another few decades. It is forecasted 
by Australian PV institute that the possible cumulative installations of small-scale PV will 
reach 8 to 9 GW by 2020 [2]. Moreover, Bloomberg New Energy Finance foresees that the 
worldwide capacity of rooftop, building-integrated and local PV will rise from 104GW in 2014 
to almost 1.8TW in 2040, a 17-fold proliferation [3]. Increasing numbers of residential or 
small‐scale PV installations in distribution network may cause detrimental impacts such as 
maximum voltage limit violations, voltage fluctuations; reverse power flow and poor reliability 
of the system if not properly managed. These impacts tend to be more severe at noon when 
feeders experienced maximum PV output and minimum loading [4, 5].   
Energy storage (ES) is seen as one of promising solution on the problems caused by high 
proliferation of PV in distribution systems. Moreover, it offers great flexibility in managing 
and optimally utilizing the electrical energy produced by intermittent RE. This is done by 
storing excess energy during high PV output power and releasing it back to the grid during 
high demand [6]. Hence, for the last three decades, electric utilities have installed large ES unit 
at the substation of the distribution network. However, recently ES migration trends in 
distribution network have moved from large substation storage to fleet of smaller distributed 
system near the customer namely community energy storage (CES).  The key motivation 
behind this move is the need to buffer the impacts caused by rapid growth of customer-owned 
PV, which are more severe at the community level of distribution system [7].  
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CES concept which has been introduced by authors in [7-10] is one of promising solutions 
to tackle the abovementioned issues if properly planned and controlled [11-17]. Institute of 
Electrical and Electronics Engineers (IEEE) defines CES as “small distributed energy storage 
connected to the secondary side of transformer that serves few residential units or small 
commercial loads”. One or more groups of CES units that operate as an aggregated resource or 
also known as a fleet of CES [18] can operate as virtual substation storage while offering more 
benefits than the real substation storage system. The implementation of the CES concept would 
allow the mitigation of impacts from both EV and roof top PV. For example, CES can store 
excess energy generated by PV during daylight and release it in the evenings for the use of 
commuters to recharge their EV batteries. Moreover CES benefits include providing more 
reliable back up power, efficient in buffering customer renewable energy, better interaction with 
EV batteries, reduce losses, improving reliability and voltage profile, lower operating cost and 
easy to install and maintain [9],[19].  
In order to avail the benefits of CES, its deployment in distribution system with PV units 
should be planned carefully. This planning exercise includes the determination of strategic 
location, size and operational characteristic of single and multiple CES units in DN for 
achieving optimum technical and economic benefits while considering the uncertainties of PV 
generation and load variations. Besides, CES deployment in DN with rooftop PV that 
comprehensively considered all related costs and benefits also need to be quantified and 
justified. It is crucial to develop a framework that can identify the optimal location, size and 
dispatch strategy of CES for maximizing the profit from its deployment. Moreover, planning 
of CES in microgrid is also one of the concerns nowadays due to its high influence on the 
effectiveness of the microgrid. 
1.2 Significant of Research 
In this thesis, comprehensive CES planning frameworks are presented. The main idea 
behind the planning frameworks is to accommodate and operate CES units in DN especially 
residential network strategically by considering various technical, economic and environmental 
issues. This idea is considered as smart deployment in the thesis report. 
The research is significant to the pool of knowledge especially for the utility and third 
party companies of distribution system as it provides comprehensive frameworks of CES 
planning. Most of available technical, environmental and economic benefits of CES have been 
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monetized in the proposed frameworks to obtained more realistic profits of deploying CES. 
The research also may encourage more deployment of renewable energy especially rooftop PV 
in community as both consumer and CES investor or utility will obtain attractive returns 
through the utilization of CES based on the proposed planning frameworks. 
1.3  Thesis Objectives 
 
The overall objective of the research is to develop comprehensive CES planning strategy 
in residential distribution network with rooftop PV. In order to achieve the objective, the 
following specific objectives are investigated in this thesis:  
1. To assess energy loss reduction in DN with PV units through load levelling using ES 
and develop a methodology for ES placement based on loss sensitivity factor (LSF). 
2. To construct a strategic analytical planning framework that can determine the optimal 
location, size and operational characteristic of CES unit in DN for load factor 
enhancement, energy losses reduction and voltage profile improvement. 
3. To develop a comprehensive planning strategy for single and multiple CES units based 
on cost benefit analysis (CBA) for maximizing the net present value (NPV) of CES 
deployment. The planning strategy will consider all possible benefits and costs incurred 
from the deployment of CES. 
4. To propose a novel framework of virtual microgrid (VM) construction with CES in 
residential network with rooftop PV for maximizing the NPV of CES investment. In 
addition, propose a new method for designing VM and a novel business model for CES 
within the framework to increase the profit gained by the utility and consumer. 
1.4 Thesis Structure 
 
Following this chapter, the rest of the thesis is organized as follows: 
Chapter 2 provides an overview of CES, including the technologies, benefits, and 
challenges of its deployment in power distribution systems. Furthermore, comprehensive 
literature review on the ES planning and microgrid design with ES are thoroughly discussed in 
this chapter.   
Chapter 3 presents a detailed assessment of energy loss reduction in a radial distribution 
network with PV units through load levelling using ES. In addition, a new approach to allocate 
ES units in a distribution network with PV units considering energy losses based on the LSF is 
proposed in this chapter.   
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Chapter 4 develops a new simple framework, which is based on analytical approaches for 
sizing, locating and dispatching CES in a residential distribution system with PV units to achieve 
load factor enhancement, energy losses reduction and voltage profile improvement.   
Chapter 5 proposes a comprehensive methodology to determine the optimal site, capacity 
and operational characteristic of multiple CES allocation by considering all possible benefits 
and associated costs. The benefits are obtained from energy arbitrage, peaking power 
generation, energy loss reduction, system upgrade deferral, a reduction in carbon dioxide (CO2) 
emission and VAr support.   Moreover, quantitative analysis on the effect of the number of 
CES units deployed in the system, CES’s price reduction, PV penetration and load models on 
CES planning are also presented in this chapter.     
Chapter 6 elaborates a novel and comprehensive framework of VM development with CES 
in residential network with rooftop PV for maximizing the NPV within a specified planning 
horizon. Within the developed planning framework, a new business model is proposed to 
increase the profit gained by both parties (i.e. utility and consumer). Impacts of the number of 
VM to the benefit cost ratio (BCR) and the effectiveness of the proposed business model in 
reducing the customer’s annual electricity bill for time of use (TOU) and demand charge TOU 
(DC) tariffs are also quantified in this chapter. 
Finally, Chapter 7 concludes with a summary of the research in this thesis. The 
contributions and recommendations for further research are also presented in this chapter. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction 
This chapter provides an overview of CES, which consists of the benefits, technologies, 
and challenges of its deployment in power distribution system. Furthermore, comprehensive 
literature review on the relevant work to this thesis is discussed. First, a review of ES operation 
and placement in distribution network with PV is addressed. Then, a survey on previous studies 
related to the CES allocation strategy in DN is presented.  Thirdly, the issues of CES planning 
based on the cost-benefit analysis are thoroughly reviewed in this chapter. Finally, relevant 
studies on the development of VM with CES in residential network are presented in the last 
section. Note that in each section, major limitations and gaps drawn from the survey and the 
contributions made by this thesis are also highlighted.  
2.2 Community Energy Storage (CES) 
2.2.1 Overview 
In recent decades, several revolutionary developments in power distribution systems have 
taken place around the world. One of them is minimizing the carbon footprint through massive 
integration of renewable energy such as micro hydro, wind, biomass and solar resources. 
Recently, 175 countries all over the world have signed onto a global agreement to significantly 
reduce carbon emissions in the face of the climate change threat [1]. This agreement may lead 
to the booming deployment of renewable energy for replacing the fossil fuel-based energy. 
Among them, community level distributed photovoltaic (DPV) is the fastest-growing power 
generation system owing to its technological advancement, investment cost reduction and 
environmental benefits [2]. 
 In Australia, the number of PV systems installed on the rooftops of homes has increased 
from 8 thousand to 1.4 million over the period of 2007-2014, and this figure is expected to 
significantly grow in the coming years [2]. Hence, it has been forecasted that the total 
worldwide investment for PV systems installed in the residential sector will reach $2.2 trillion 
by 2040 [3]. The efficient usage of solar PV can bring multiple technical and economic benefits 
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to utilities, PV owners and customers. Although renewable energy resources have a huge 
potential to reduce carbon emissions, a few of them are highly intermittent. Particularly, solar 
energy is only available during the day and relies heavily on solar irradiance, cloud, 
temperature, etc. However, the high penetration of this intermittent source along with demand 
variations has caused several negative effects on distribution systems such as reverse power 
flow, power fluctuations, voltage rise and poor power quality [4]. The reverse power flows 
along with voltage rises have become major issues as the PV generation exceeds the local 
demand [5].  
Energy storage (ES) has been considered as one of the viable solutions to those issues. It 
has also become a crucial element in smart distribution networks due to massive deployment 
of intermittent renewable energy sources (RES). It has been forecasted that the global capacity 
of ES will increase over 40 GW by 2022 from 0.34 GW in 2012 [6].  ES can be used to 
effectively alleviate problems caused by the high penetration of RES including PV. It can also 
be employed as an efficient solution to managing energy and facilitating more RES in 
distribution systems while maintaining grid reliability [7-9] and stability. Due to these benefits 
and increasing number of customer owned distributed resources, ES distribution trend has 
moved from a large central storage unit to a fleet of small distributed units near the customers 
or loads [10-15]. One of the latest and advanced ES concept close to customers is community 
energy storage (CES).  
CES is defined as the utility deployment of modular, distributed energy storage systems 
(DESS) at or close points in the utility distribution system that are near to residential and 
business end users as shown in Figure 2.1. The CES concept was first introduced by American 
Electric Power (AEP), in 2005. AEP distributed numerous smaller units of battery rated at 25 
kW at or near end-user sites. Hence, instead of deploying one or two large battery systems with 
a power output of 2 MW at the utility substation, AEP deployed 80 individual systems, at or 
near end-user homes and businesses whose power output is 25 kW [16-17]. Therefore, CES is 
also known as virtual substation battery. The distribution of many CES, kWh-scale battery units 
are claimed to have more values and benefits than the real centrally located storage at substation 
and single home ES [18]. It is more efficient in buffering customer renewable energy, better 
interaction with electric vehicle batteries, easy to install and maintain and a better fit into the 
smart grids system than the centrally located or single home ES [10].  
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Table 2.1 compares qualitatively single home, community and distributed ES in terms of 
scale, location and application.  Survey in Table 2.1 shows that CES is located between the 
distributed ES and single home ES in terms of location and size. Thus, its application is 
expanded to both the end user and distribution such as PV energy time shift, load shifting, peak 
shaving, voltage profile improvement and etc. 
 
 
Figure 2.1. CES deployments in distribution network [17]. 
Table 2.1. Qualitative comparison of single home, community and distributed ES [19] 
 Single Home Community Distributed 
Scale Up to 20 kWh Tens to hundreds of kWh MWh scale 
Location Single homes Communities Substations or normally open 
points along distribution feeders 
Applications End-user 
applicationsa 
End-user applicationsa and 
distributed applicationb 
Distributed applicationsb 
a PV energy time-shift, load shifting, avoidance of power curtailment and heat decarbonisation. 
b Voltage stabilization, peak-shaving, ancillary services (frequency regulation), grid stability, RE farm capacity firming and 
power flow management.  
  
However, as other new technology, CES deployment in existing grid and its integration 
with distributed resources will face many technical and economic challenges. This section 
reveals the current technology, prospect and challenges of CES for buffering the impact of RES 
and EV integration in a grid. Furthermore, opportunity to enhance the effectiveness of CES 
operation in the grid is discussed. 
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2.2.2 Technology 
Energy storage technology has evolved parallel with its application in smart grid. Electric 
Power Research Institute (EPRI) defines smart grid as “one that incorporates information and 
communications technology into every aspect of electricity generation, delivery and 
consumption in order to minimize environmental impact, enhance markets, improve reliability 
and service, and reduce costs and improve efficiency”. Hence, one of potentials of smart grid 
is able to accommodate more renewable energy in electric power network while sustaining 
high grid reliability and power quality [20]. Here comes the role of energy storage to provide 
better platform in the integration processes. High awareness on the important of energy storage 
has led to numerous studies done in obtaining the most cost effective and reliable energy 
storage technology based on grid requirement. 
References [12-13] have done extensive comparison of various energy storage 
technologies based on its application, capacity, cost and technical specification. Based on [12], 
energy storage categories that suitable at grid edge are CES and shipping containers with power 
range below 500 kW. While technologies that fit to be CES have been listed in [13], which are 
lead acid, ultra-capacitors and lithium ion. AEP has comprehensively addressed CES unit 
functional specification, including its connection requirements, control functions, islanding 
requirement and etc. in [17], [21]. Table 2.2 depicts the general requirements for CES. 
Table 2.2. General Requirements for CES [17], [21] 
Key parameters Recommended value 
Power capacity (kW) 25 - 75 
Energy capacity (kWh) 25 - 75 
Voltage (V) Secondary 240/120 V, single phase 
AC-AC round-trip efficiency (%)  >85 
 
Reference [15] has compared lead acid battery and hydrogen storage installation in terms 
of technological and economic performances for a single residential building in United 
Kingdom to represent energy storage at community level. The study found that lead acid battery 
provides more annual additional income through extra PV energy supplied to the load and 26% 
higher annual round-trip efficiency compared to hydrogen storage.  
Recent studies on ES have discovered that used EV or plug in hybrid electric vehicle 
(PHEV) batteries can be a promising and economic technology for CES if its power electronic 
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interfaces are controlled properly. EV batteries will not be used when their depth of charge 
reduced to its 75% of the initial capacity to maintain the vehicle performance. However, at that 
capacity, the unused EV battery can be a viable application for CES as the CES charging duty 
cycles are not demanding as EV [22]. National renewable energy laboratory (NREL) of the 
United State Department of Energy has done a study and field trial to investigate the potential 
of repurposed EV/PHEV batteries and one of its potential benefits is to provide advanced low 
cost batteries for nonvehicle applications such as renewable energy and home use [23]. 
Furthermore, authors in [24] have designed a CES unit that consists of reused vehicular 
batteries and a full bridge inverter with its control system. Outcome from the simulation shows 
that the proposed CES is able to provide significant peak reduction, effective emergency 
backup control and response to ancillary services, suggests that the prospect of CES are 
promising. 
2.2.3 Benefits 
Many researches, demonstration and field trials have been carried out since 2009 to 
investigate the effectiveness of CES deployment in the smart distribution system to mitigate 
the impact of distributed resources penetration such as PV, wind and EV.  As mentioned in the 
previous subsection, the first project of CES has been developed in 2009 by AEP utility as part 
of AEP Ohio’s gridSMART demonstration project, which includes the integration of 
community renewable energy and plug-in electric vehicle. Operation of CES units in AEP Ohio 
gridSMART projects is controlled by distributed energy management (DEM) controller 
consists of three layers of intelligent control situated at distribution substation [11], [17]. In 
2013, 3 single-phase 25 kVA/25 kWh CES units have been installed on low voltage (LV) 
network at Chalvey, Slough in England as part of Scottish and Southern Energy Power 
Distribution Zero Carbon Homes project. Project that includes 65 kW PV generation and 
several electric vehicle units has successfully achieved 34% reduction in peak load and 
prevented the reverse power flow [25]. In addition to this, dynamic analysis conducted for a 
system with clustered proliferation of PV-DG and plug-in electric vehicle (PEV) in a feeder 
branch presented in [26] reveals that CES deployment can provide smooth demand power, 
mitigate feeder voltage fluctuation thus reduce transformer load tap changer operation.  
On the other hand, a new framework proposed in [27], has integrated distributed energy 
storage with PV to solve the voltage violation problem in distribution system. As expected, the 
proposed method diminish voltage rise problem and effectively mitigate the impact of PV 
output fluctuation. Based on [18], aggregation of many CES, kWh-scale battery units will make 
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them function as distributed bulk storage. This type of storage will give more benefits in terms 
of helping grid to have a reliable, economic and decarbonized distribution system as it close to 
the customers, which have solar energy and need to charge their EVs at home. In order to 
achieve this, sophisticated smart grid communication, effective control infrastructure and a 
standard distributed storage unit for full functionality are needed.  
Furthermore, an energy management system (EMS) has been proposed in [28] to 
facilitate CES’s operation in distribution system with high PV penetration. The presented EMS 
is based on the optimization method that determines the optimum dispatch level for CES to 
reduce the total demand during peak load and buffer the impact of PV output power variation. 
Using actual residential load and PV data, simulation on the system with CES and EMS has 
reduced the peak energy consumption almost half compare to the same distribution system 
without energy storage and EMS when subjected to high PV penetration. The findings also 
prove that the CES facilitated with EMS may reduce the reverse power flow problem although 
there is undesirable power spike produced when the storage start to charge to its full capacity. 
Authors in [29] gave more values to energy storage by proposing a new strategy of energy 
storage charging/discharging. Besides effectively mitigate the impact of PV output and support 
evening peak load, the proposed strategy can put the storage in short-term discharge operation 
mode when PV output experiences sudden change and compensate for the deviation of storage 
state of charge (SOC) from the desired level of SOC. 
From economic point of view, CES can be a promising element as technology emerges, 
although the utilities need to invest large amount of money for the installation and operational 
costs. Studies presented in [30-34], shows that with proper and effective control strategy, 
integration of CES in distribution system may reduce electricity generation cost and support 
the generation of emission free energy. Reference [31] introduced optimal control for CES to 
improve the PV adoption in distribution network. The outcome shows that CES deployment 
encourage customers to install more PV panels as PV size increases, customers aggregated 
electricity bill will reduce and monthly operational benefits grow almost linear. Similar work 
has been done in [33], where the authors proposed a DG and storage optimization algorithm 
using the pricing index distribution locational marginal pricing (DLMP) as a control signal. 
Coordination between DG and energy storage proposed in the control algorithm is able to 
reduce the energy cost and improve the efficiency of the renewable energy. Reference [32] 
reveals that single phase-storage near residential premises in the form of CES is more cost 
effective than three-phase storage located on the street. The integration of proposed heuristic 
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planning tool and energy storage provide lower capital cost of solving voltage violation 
problem than a reconstructed network.    
The survey shows that, CES implementation in the grid is still few due to its high 
installation and maintenance cost. With advanced and reliable planning and control system, 
CES can be a promising solution in many technical and economy problems related to DG and 
EV integration in distribution grid.  Table 2.3 summarizes CES benefits in terms of technical 
and economic in selected set of references. All these technical benefits too can be translated 
into economic benefits, if appropriate methodologies and tools are developed. 
Table 2.3. CES benefits based on previous researches 
Technical Benefit Ref. Direct Economic Benefit Ref. 
Voltage profile improvement  [10-11] Energy arbitrage [3],[12],  
[34-35] 
Peak load reduction  [3],[33] Energy loss reduction  [3],[9], 
[11-12],[35] 
Island downstream load during 
outage  
[25] Higher synergy with EV 
batteries  
[28],[36] 
Power quality improvement  [10]   
Prevent reverse power flow  [33]   
Reduce transformer load tap 
changer operation 
[10]   
 
2.2.4 Challenges   
Every new technology usually faces obstacles and challenges to get a place in real 
world. Same goes to CES, to adapt with existing traditional distribution system and integration 
of distributed energy resources in electrical system such as RE and EV are not an easy task. 
Based on current researches and demonstration projects, hurdles that need to be tackled in the 
deployment of CES since it was first introduced can be categorized into following groups.   
 
 2.2.4.1 High cost of CES deployment 
Although CES offers numerous benefits and encourages green energy technologies 
penetrate in electrical system, overall CES installation at current prizes stand at high. This 
includes maintenance costs, battery lifecycle costs, additional capital costs for inverters and grid 
connection [35]. Table 2.4 depicts the estimated cost of CES using two mature battery 
technologies that are lithium ion (Li-Ion) and advanced lead acid. The battery costs include the 
energy, power, fixed operational and maintenance (O&M) and variable O&M costs.  
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Table 2.4. CES cost estimation [35] 
Technology Energy Cost 
($/kWh) 
Power Cost 
($/kW) 
Fixed O&M Cost 
($/kW-year) 
Variable O&M 
Cost ($/MWh) 
Li-Ion 443-562 514-1410 10 3.1 
Advanced Lead-Acid 750-1000 514-1410 5 0.5 
 
Authors in [36] also believe that storage technologies available today are very expensive. In 
fact, it is far more cost effective to expand the electric power network to serve peak load and 
obtain a reliable power system compared to deploy energy storage. This issue becomes worse 
with the lack of regulations and standards on energy storage prices [37] and cost benefit tools 
on selecting the most profitable energy storage technologies [38]. 
 
2.2.4.2 Planning Issues 
Planning and management in distribution system are crucial to wisely coordinate all 
DER such as PV, EV and energy storage. Since CES is still new with only few installation 
around the world, it makes former experience and knowledge on CES technology and 
application are limited [12]. This may cause utilities and customers not gaining full benefit of 
CES deployment. Although, there are several studies proposed a planning framework for CES 
in distribution system, only few have included the integration of both RE and EV in their 
analysis to come out with the proposed planning tools. Most of the literature only concerned 
on one of those DER elements in their work. With the exponential growth in PV installation 
and exciting outlook for EV a planning framework for CES in distribution would be a useful 
contribution. In fact, very scarce validated and reviewed planning models appear capable of 
selecting the best type of storage technology, its capacity and location for optimal placement, 
efficiency and financial return [39-40]. 
 
2.2.4.3 Modelling Issues 
Many studies on ES usually model communications networks and power networks 
separately, with each simulation assuming the other network is ideal. Reference [41] highlights 
the important of both networks to be simulated simultaneously as more smart elements are 
integrated in the grid. Besides both networks are increasingly dependence along with the fast 
development of smart grid [10]. Moreover, previous studies modeled CES as a controlled active 
power source [26] or using coupled of electric circuits [42] which are based on [43], may not 
fully analyze the temporal variation of the storage device. Modelling guidelines presented in 
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[43] stressed the important of time series evaluation not only for CES but also for RE and EV 
model. Therefore, extensive efforts need to be put in developing more comprehensive models 
of RE, EV and CES [42] and their control systems. The accuracy of the models in representing 
the behavior of actual elements may dictate the efficiency of energy management of control 
system thus reduce the distribution system reliability. 
 
2.2.4.4 Effects of DERs Integration 
Study presented in [44] found that integration of PV and energy storage for the purpose 
of PV output power smoothing may not provide frequency control. While reference [28] 
discovers an undesirable spike in the main grid when storage is charged to its full capacity in 
a system with high PV intermittency. These may not be the only problems that occur in 
distribution system when RE, EV and energy storage are integrated. The problems could be 
worsening when there are more deployments of DERs elements. Therefore, with more DERs 
elements including CES are distributed along the feeders, potential interaction effects between 
DERs and its impact to the distribution system need to be investigated. This includes the 
analysis of the behavior of numerous RE elements such as PV and wind, EV and CES units 
along the feeder in different level of penetration, mitigation strategies and operating conditions 
[26]. Moreover, extensive analysis is needed to determine the impact of DERs integration on 
the power quality signals of the distribution system such as harmonics [24]. 
 
2.2.4.5 Thermal Management Issues 
Reference [45] reveals that greenhouse effects especially in warm sunny weather can 
increase CES degradation. This may influence the performance of CES and increase the 
maintenance requirement. Furthermore, lack of works were found on developing a validated 
thermal models for CES and providing effective solution to extend energy storage life such as 
active cooling or thermal management system [12].   
 
2.3 Review on CES Planning Strategy 
2.3.1 Introduction 
Review on CES in the previous subsection give a picture that the current CES 
implementation is uneconomical and hard to be implemented with the lack of standards and 
reliable planning tools. However, with government initiative to obtain decarbonized 
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distribution system and rapid deployment of smart grid elements, the need to have a reliable 
power system from CES deployment is more demanding. The monetary loss caused by CES 
implementation are compensated with better performance of distribution system. Moreover, 
with advanced control and management system invented, implementation of CES can open 
new business opportunity and enhance the generation of renewable energy. In this thesis, one 
of the challenges (planning issue) discussed in previous subsection is addressed. To be specific, 
this thesis will focus on firstly, investigating CES operation in distribution network and then 
developing an effective CES planning strategy for improving the performance of residential 
distribution network with rooftop PV. Assessment on the profitable of CES deployment will 
also be conducted. Furthermore, framework of virtual microgrid development with CES in 
distribution network will be proposed. The next subsections present comprehensive reviews on 
researches related to these issues. 
2.3.2 ES Integration for Energy Losses Reduction  
The increased number of DERs has significantly changed the conventional distribution 
network from a passive to active distribution network (ADN). ADN is defined as a distribution 
network that has a system in place to control a combination of DERs [46]. Such generation 
sources are responsible for system support in some degree based on a suitable regulatory 
environment and connection agreement. As a result of the transition from a passive to active 
network, the distribution system may experience several operational challenges if it is not 
properly managed. These may include high power losses, reverse power flow, voltage 
fluctuations and poor power quality. ES has been considered as one of the viable solutions to 
those issues.  One of the most tempting service-related benefits of ES is load levelling. Load 
leveling normally involves storing energy during the off-peak load period and delivering it 
during the peak load period. Load levelling using ES can offer many benefits for distribution 
systems in terms of technical and economic benefits. For example, ES can be utilized to store 
surplus PV generation and this stored energy is then discharged to the grid during the peak load 
period. In addition, load levelling can reduce peak demand and distribution network losses 
[47].  
The distribution network contributes to the highest ohmic losses in an electrical power 
system, which accounts for 6-8 percent of the peak load [48]. Hence, it is necessary to reduce 
the loss in the distribution system. The fact is that understanding the impact of ES placement 
and its operation on power and energy losses is crucial in the planning of distribution networks. 
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Few works on this issue have been reported over the past decades. For instance, authors in [48] 
presented extensive analytical works on quantifying the saved transmission and distribution 
(T&D) loss by considering ES sizes. The work concluded that in general, loss reduction 
strongly depends on the ratio of the peak to off-peak load. High T&D loss reduction can be 
obtained if load reduction through peak shaving is distributed at several locations rather than 
at a single site. Research presented in [49] also revealed that significant loss minimization can be 
obtained by peak shifting at multiple optimal locations of ES.  Meanwhile, the operation 
schedules of ES generated by the proposed method in [50] results in more than 1.3% reductions 
in losses compared to the case with no energy storage. Overall, the above review shows that 
only few works have done on assessing the impact of ES operation on the distribution network 
losses. Besides, most of the studies presented above did not assess the impact of both ES 
charging and discharging on energy losses in detail. Some of them did not consider DER 
integration and losses due to ES charging processes as well. 
 With respect to ES placement, the optimal location of ES is usually identified by 
minimizing the energy losses in distribution systems [51-52]. Energy loss reduction is 
considered as the secondary benefit of ES that may result in a significant reduction in 
generation costs if ES is placed in the most suitable location. Many researchers have considered 
energy losses reduction as one of the objective functions in determining the optimal allocation 
of ES. Different methods have been used to achieve this objective. For instance, authors in [38] 
proposed an analytical approach to determine the optimal location, size and power factor of ES 
units for energy loss minimization. An analytical expression based on a multi-objective index 
was also developed to identify the size and power factor of combined ES and PV to reduce 
energy loss and enhance voltage stability [53].  
Moreover, heuristic approaches were utilized to locate and size ES units considering 
power losses. For instance, genetic algorithm (GA) with simulated annealing (SA) [32], GA 
with sequential quadratic programming (SQP) [54], particle swarm optimization (PSO) [55] 
and fuzzy particle swarm optimization (FPSO) [56] were used to determine the optimal location 
and capacity of distributed ES considering different objectives including energy loss reduction. 
However, to the best of authors’ knowledge, no previous work has considered loss sensitivity 
factor (LSF) methods to locate ES in distribution networks.  LSF method has been known as 
one of reliable methods for determining the optimal location of distributed generation (DG) in 
distribution systems [57-60]. This method can be used for single or multiple DG placement and 
it gives a relative ranking about the best to worst locations. Beside, authors in [61] and [62] 
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respectively have used the method to identify the proper site for capacitor and the optimal 
region for microgrid construction. However, its effectiveness in determining the optimal 
location of ES has not yet been investigated and verified. 
 
This thesis contributes in this area as follows: 
 Analysis of energy loss reduction in a radial distribution network with PV units through 
load levelling using ES is conducted. The effects of the location and size of ES and PV 
units on loss reduction are assessed while considering both charging and discharging 
processes. The effectiveness of distributed ES allocation when compared to centralized 
ES placement in terms of loss reduction is quantified as well. 
 A new approach to place single and multiple ES units in a distribution network with PV 
units considering energy losses is proposed. This approach is based on the difference 
between the minimum and maximum LSF values.  Analysis on the centralized, single 
and multiple ES placement based on the proposed method are conducted and discussed 
in terms of energy loss reduction, peak demand reduction and voltage profile 
improvement. 
 
2.3.3 Analytical Allocation Strategy for CES 
The planning of ES in power distribution systems with RES has been reported in a 
number of recent research efforts considering various applications and approaches. Extensive 
review done on this issue for publication before and up to year 2014 can be found in [63]. 
Meanwhile, Table 2.5 lists the related researches from year 2015 onwards. Based on Table 2.5 
and survey in [63], it is observed that most of the previous works used the heuristic method for 
allocating ES in distribution system. Specifically, ES units were located and sized using 
heuristic algorithms for demand management, energy price arbitrage and wind curtailment 
reductions in a distribution system with RES [64-66]. A GA-based method was developed to 
determine the optimal allocation of ES units in a distribution network with PV units [67]. In 
this study, the electricity rate, power losses and voltage deviations were evaluated.  
A strategy to integrate ES units and capacitors in a distribution grid with wind and PV 
units was also reported in [54], where the voltage improvement, network upgrade deferral and 
VAr regulation were investigated. The optimal size of ES systems for PV energy time-shift 
was calculated on their performance, durability and economic benefits [19]. A multi-year 
planning framework was presented to size and locate ES units in distribution systems using 
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GA and a linear programming solver [64]. In this study, the main objective of the planning is 
to maximize the benefits obtained from ES deployment (i.e., network upgrade deferrals, energy 
loss reduction and energy arbitrage benefits) while minimizing the costs of ES units. The 
authors also proposed an optimal operation strategy for ES units under different load states. In 
[68], ES systems were used to support large-scale wind energy integration in power systems 
using an integrated socio-economic cost-benefit model. 
Besides the heuristic approach, a probabilistic analytical approach was proposed to size 
and schedule ES units for the integration of PHEV and PV systems in residential distribution 
systems [69]. In this study, ES units were utilized to increase the time coincidence between 
PHEV charging and PV generation. The authors also suggested that each secondary distribution 
transformer needs to be equipped with ES units to limit reverse power flows and prevent 
transformer overloads. A probabilistic planning method was presented to determine the 
capacity of ES units to enhance voltage profiles in a residential distribution system with rooftop 
PV units [70]. In [71], ES-based demand response programs were also proposed to enable 
higher penetration levels of PHEV and PV in residential distribution systems. In addition, the 
authors [72] developed an analytical methodology to size PV and ES units in an autonomous 
power system, but the ES sitting issue was not considered in this work. An analytical 
methodology was reported to size energy storage systems for peak hour utility applications, 
namely load levelling, peak shaving, and energy arbitrage [73]; however, this study did not 
consider optimal ES location as well. Multiple hybrid ES-PV systems were also sized in 
commercial distribution systems to minimize the energy loss and enhance the voltage stability 
using a self-correction approach [53]. Recently, given a pre-specified location, a probabilistic 
analytical approach was also developed to size ES-based PHEV charging stations powered by 
PV-rich commercial systems to reduce the energy loss. 
The above review shows that sufficient works have been done with respect to ES planning. 
However, three shortcomings unsolved are identified. Firstly, a comprehensive methodology 
to estimate the proper location, size and operational characteristic of ES units in PV-rich 
residential systems to serve the three respective objectives of energy loss reduction, system 
load factor enhancement and daily load profile improvement has not been reported. In this 
context, the load factor is defined as the ratio of the average load to the peak load over a 
specified time period [22]. The load factor is widely considered in various applications such as 
demand response program, peak demand management and electricity tariff calculation [23]. 
The load factor can largely represent the PV system's effect on the utility as it shows how the 
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load demand matches with the PV generation. For instance, the commercial load demand 
generally has a good match with the PV generation; hence, the load factor is relatively high. In 
contrast, as the residential load demand normally has a poor match with the PV generation, the 
load factor is rather low; in this context, battery energy storage is adopted as an efficient 
solution to increasing the load factor and the energy harvest from PV panels as well, as 
presented in the current paper. In the economic point of view, it is desirable for the utility to 
have a system with high load factor to avoid any underutilization of assets and subsequent 
financial losses. It is shown that due to the rapid growth of peak demand, electrical networks 
were over utilised only for a very short period of the day in many parts of the world. To reliably 
meet greater energy needs, power companies have to invest in additional capacity which is 
unused for much of the day. For instance, at South East Queensland Australia, approximately 
16% of ENERGEX’s $8 billion network was utilised for only 100 hours of the year in 2010/11. 
As ES has a great potential in managing the demand, it is important to develop an effective 
allocation strategy of ES for load factor improvement. 
Secondly, most of the existing studies were limited to active power operation only. Under 
the standard IEEE 1547, RES units are not allowed to supply reactive power [104]. 
Consequently, it is likely that the shortage of reactive power support may be an immediate 
concern at the distribution system level in the future with a high penetration level of RES. 
Given the fact that the reactive power injection from ES may enhance the system performances 
such as voltage profiles, system capacity release and loadability, it is necessary to consider 
both active and reactive power provisions in the form of the optimal power factor of ES to 
produce a more effective outcome. Thirdly, most of the CES allocation strategies found in the 
literature used sophisticated and time-consuming optimization approaches and the majority of 
existing approaches considered optimal ES sizes with the assumption that its location was 
predefined. 
The contributions of the thesis in this area is as below: 
 A probabilistic model, which is simpler and requires less input data and calculation than 
existing methods in the literature, is presented to model the uncertainty of the existing 
PV generation along with hourly demand variations over four seasons in a residential 
system. 
 A new simple framework, which is based on analytical approaches for sizing, locating 
and dispatching CES in a residential distribution system with PV units is proposed. In 
this framework, a modified center of gravity (COG) theory-based formulation is first 
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presented to identify the location of CES to minimize the annual energy loss. Secondly, 
a load following control method is developed to determine the rated capacity of CES 
and its hourly dispatch strategy to achieve a desired system load factor. Finally, a 
technique to estimate the optimal operational characteristic of CES, where the active 
and reactive powers of CES are optimized simultaneously, is proposed to flatten the 
daily demand profile and enhance the voltage profile.  
 
Table 2.5. Survey on researches related to the ES allocation from year 2015 onwards. 
Ref. Aim Design Variable Method Contribution 
[64] -Minimize NPV of ES 
capital and maintenance 
costs, system upgrade and 
energy losses costs. 
-Maximize arbitrage 
benefit. 
Location, size, 
operational 
characteristic 
(active power) 
GA with linear 
programming 
(LP) solver, 
monte carlo (MC) 
- A multi-year planning 
framework for ES 
-Probabilistic approach is 
utilized to optimized ES 
operation   
[74] Minimize costs of energy 
from external grid, 
congestion management, 
voltage support and 
network losses 
Location, size Alternative 
direction method 
of multipliers 
(ADMM) 
A planning procedure based on 
ADMM to solve a large-scale 
network 
[75] -Reduce impacts of wind 
power forecast errors. 
-Prolong ES lifetime 
Size, operational 
characteristics 
(active power) 
Analytical and 
Numerical 
Methods 
A coordinated operational 
dispatch scheme for ES which 
requires lower capital cost and 
easier to be implemented when 
compared with the dual ES-
wind farm system.  
[76] Minimize NPV of 
distribution network (total 
cost of ES, profit from loss 
reduction and load 
shifting) 
Location, Size, 
operational 
characteristics 
(active power) 
GA, optimal 
power flow (OPF) 
-A bi-level optimisation model 
to determine the optimal site 
and capacity of multiple ES in 
DN.  
- ES capacity adjustment step 
to lower the NPV of DN and 
accelerate the convergence 
speed of GA.  
[77] Minimize cost of energy 
not supplied (ENS) and ES 
cost 
Location, Size, 
Operational 
characteristics 
(active and 
reactive powers) 
Particle swarm 
optimization 
(PSO) 
An optimal approach to locate 
and size   ES units for 
reliability improvement and 
operation cost reduction. 
[78] Minimized distribution 
cost ( energy losses, peak 
demand and voltage 
regulation costs, ES capital 
and O&M  costs) 
Location, size, 
operational 
characteristics 
(active power) 
Interior point with 
analytical gradient  
-A strategy for optimal 
integration of single ES unit to 
improve the load and DG 
hosting ability of the utility 
grid. 
-A battery control strategy for 
feeder quality management. 
[79] -Minimize power system 
cost (fuel cost of generator, 
costs and operation costs of 
wind power generator and 
energy storage)   
-Improve voltage profile 
Location, size Hybrid multi-
objective PSO  
(multi-objective 
PSO combines 
with elitist non-
dominated sorting 
GA (NSGA-II)), 
A methodology for determining 
the optimal ES allocation in 
wind penetrated power systems. 
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Probabilistic load 
flow,  
Point estimated 
method 
[80] Minimize operation and 
reliability costs 
Operational 
characteristics 
(active and 
reactive power) 
Tabu search, 
Point estimated 
method 
An optimal energy 
management in DN considering 
the uncertainty of wind-based 
DGs, PEVs, and conventional 
loads.   
[81] -Decrease line losses and 
production cost  
-Improve energy quality 
and voltage profile 
Location Forward-
backward load 
flow based 
location planning 
algorithm (LPA) 
An approach with LPA for 
optimum usage of single ES for 
decreasing line losses, reducing 
production cost, and improving 
energy quality.   
[82] -Maximize ES profit 
(arbitrage income, 
environmental benefit, 
reliability enhancement 
profit, saving of upgrade 
deferring). 
-Minimize investment cost 
of ES. 
-Maximize surplus 
operational values of ES. 
Size, Operational 
characteristics 
(active power) 
Curve fitting, k-
means clustering, 
adaptive PSO 
A comprehensive multi-stage 
ES planning model considering 
the increasing penetration of 
DG model. 
[83] Minimize voltage 
variations and energy 
losses 
Location, size, 
operational 
characteristics 
(active power) 
GA, Quasi-static 
time sequence 
analysis 
GA-based mathematical 
programming approach to 
find the optimal size and 
strategic location of single and 
multiple ES units for 
maintaining the system-wide 
voltage 
[84] Minimize ES investment  
cost, operation and 
reliability costs 
Location, size, 
operational 
characteristics 
(active and 
reactive powers) 
Point estimated 
method (PEM), 
OPF, 
Hybrid tabu 
search/PSO 
Optimal planning of ES that 
determines its location, 
capacity and power rating for 
minimizing the costs of 
objective function. 
[85] Minimize operation cost of 
microgrid 
Size Grey wolf 
optimization 
(GWO) 
GWO algorithm to solve 
operation cost minimization 
problem of microgrid. 
[69] -Mitigate secondary 
distribution transformer 
overloading during PHEV 
peak charging periods. 
-Limit reverse power flow 
through the transformers 
during PV peak generation 
periods. 
Size, operational 
characteristics 
(active and 
reactive powers) 
Probabilistic 
Approach, 
MC 
 
 MC-based probabilistic 
method for determining the 
appropriate sizes and operating 
schedules of the proposed ES, 
without knowing the load and 
generation levels a prior. 
[86] Reduce voltage fluctu- 
ations caused by PV 
penetration while 
considering ES capital, 
land-of-use and installation 
costs. 
Location, size 
and operational 
characteristics 
GA-based bi-level 
optimization 
method, LP 
-GA-based bi-level 
optimization method for 
identifying effective ES 
capacity and site to reduce the 
voltage fluctuations caused by 
PV penetration while 
accounting for their costs.  
-ES operation is determined 
using LP routine for 
minimizing the daily coincident 
peak demand. 
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[87] -Maximize the reliability 
improvement  
-Minimizes the installation 
capacity of ES 
Location, size Bi-level 
programming 
assessment model, 
search tree 
method  
A bi-level programming 
assessment model to optimally 
site and size ES under certain 
reliability requirements in a DN 
with wind generation. 
[88] Minimize the power 
system cost and emissions 
Location, size Hybrid multi-
objective particle 
swarm 
optimization 
(HMOPSO) 
-Model of wind speed 
correlation between the two 
wind farms and their joint 
distribution using the Clayton-
Copula method.  
-Discretization of the joint 
distribution using a new PEM. 
-Optimal ES allocation strategy 
that accounts multi-correlated 
wind farms. 
[89] Minimize the amount of 
ES units while satisfying 
the PV installation target 
and the constraints on 
supply reliability indices 
Location, size Vulnerability 
analysis, block 
coordinate descent 
(BCD) 
-Probabilistic indices 
employment including the 
indices for 
power shortages and surpluses 
under contingencies. 
-Strategy to solve the large-
scale nonlinear problem of PVs 
and ESSs allocations using 
BCD.   
-New knowledges on the 
placement of ES through the 
concept of “slow” and “fast” 
ES. 
[90] Reduce the operational cost 
(payoff function) of multi-
agents in ADN. 
Location, size 
and operational 
characteristics 
Multi-state 
stochastic model, 
game-theoretic 
approach 
-Model of energy transaction 
process for different agents, 
such as wind farms, solar 
power stations, demand 
aggregators, and the DISCO. 
-Stochastic methods to 
represent uncertainties of 
renewable energy and demand. 
-Enhanced BESS optimal 
allocation method for multiple 
agents in a DN. 
 
2.3.4 CES Planning   
 Energy storage (ES) is regarded as one of the key solutions to facilitate seamless 
integration of intermittent renewable energy. It can also be used to deliver smarter and more 
dynamic energy services and address peak demand challenges [8], [68], [91]. However, the 
cost of ES, particularly battery is a major obstacle to its adoption [92]. It is also revealed that 
the current deployment of ES is still uneconomical as the overall ES installation cost is higher 
than the total benefit obtained from its deployment [56], [93]. It is expected that if all ES 
benefits and its cost reduction in the future are considered in the analysis, ES will be a profitable 
solution [76]. In addition, the successful deployment of ES would rely heavily on planning 
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strategies, where the location, size and operational characteristic of ES should be considered to 
bring maximum techno-economic benefits to utilities and consumers. 
The issue of optimal ES planning in distribution networks considering its costs and 
benefits has attracted great attention in recent years. Survey conducted in [63] and Table 2.5 
shows that most of ES planning take into account costs of DN operation and ES. For instance, 
in [76], a bi-level optimization model was proposed to determine the optimal site and capacity 
of ES units by minimizing the total NPV of distribution networks. However, only load shaving 
and loss reduction benefits were considered in that work. Moreover, a study in [39] presented 
a numerical approach to allocating and sizing ES units by minimizing costs through 
accommodating all spilled wind energy and reducing losses. In addition, authors in [84]   
employed a hybrid heuristic approach that is the combination of Tabu Search and PSO to 
determine the optimal location and capacity of ES considering the ES installation cost, 
operation and reliability costs. Overall, the above survey reveals that the optimal ES planning 
may vary according to ES benefits considered. However, most of the existing studies did not 
comprehensively consider all benefits brought by ES. This consideration may not result in the 
most profitable investment. A comprehensive methodology for ES integration that conducts a 
techno-economic and social analysis was proposed in [94], where a demand analysis was used 
to determine the power rating and capacity of ES. Nevertheless, this evaluation was limited to 
ES installed in commercial buildings and did not consider any renewable energy integration.   
 The impact of the number of ES units on the total NPV was investigated in [76]. However, 
in this work, only few benefits of ES were considered in the planning formulations. In addition 
to the cost-benefit analysis, load modelling is considered as one of the crucial steps in ES 
planning. Normally, most studies in the literature have adopted a constant power load model 
in the planning of ES due to its simplicity [39], [40], [43], [54], [69], [76], [95]. However, there 
are more accurate load models for the power distribution system study reported in [96], one of 
which is the voltage dependent load model that represents the values of real and reactive power 
loads in distribution systems as a function of operating voltages. In the constant load model, it 
is assumed that the operating voltage at every bus of the system is 1 p.u. [97]. This is usually 
not the case for the distribution network. Though several works have investigated the impacts 
of load models on planning of distribution system elements such as capacitors and distributed 
generation [58], [98] few studies on this issue has been found for ES planning. Consequently, 
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a sensitivity analysis on the effect of load models is also useful to understand ES planning in 
depth. 
 
This thesis contributes in this area as follows: 
 A comprehensive methodology based on the cost-benefit analysis is proposed to 
determine the optimal site, capacity and operational characteristic of single and 
multiple CES allocations for maximizing the net present value (NPV). The presented 
planning strategy considered all possible benefits and costs incurred from the 
deployment of CES in the residential distribution network with rooftop PV. The benefits 
are obtained from energy arbitrage, peaking power generation, energy loss reduction, 
system upgrade deferral, a reduction in CO2 emission and VAr support. In addition, the 
profitability of CES deployment in terms of its discounted payback period (DPP) and 
benefit to cost ratio (BCR) are computed.  Quantitative analysis on the effect of the 
number of CES units deployed in the system, CES’s price reduction, PV penetration 
and load models on the profitability of CES planning are also conducted. 
 
2.3.5 Virtual Microgrid Development with CES 
Government initiatives, environmental awareness and reduction in RES installation costs 
have increased the number of consumers that own small scale RES in the distribution network. 
These type of consumers, who are called as prosumers, may generate energy and participate in 
the energy market. Rapid increment in the numbers of small-scale RES prosumers has initiated 
the concept of virtual microgrid (VM) in the active distribution network. VM is defined as an 
aggregation of small scale prosumers in order to operate as a single controlled entity. It has the 
ability to manage the aggregated units and control the electrical energy flow between these 
units in order to obtain better operation of the system. The idea behind the VM has a lot of 
similarities with virtual power plant (VPP) in terms of virtualization techniques and 
information and communication technologies (ICTs) are used for better management and 
aggregation of energy resources. However, there are also significant differences which has 
been comprehensively discussed in [99]. Some of the differences are that VM concept 
considers the management of very small energy prosumers by a novel business actor called 
aggregator and not large generation units owned by a big utility company. The prosumer is the 
type of small-scale facility that can produce and consume a small or even negligible amount of 
energy.  
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VM is beneficial for both utility and prosumer in the sense that it could enable more solar 
energy to be shared between neighbors at peak times when grid power is most expensive, 
increasing the value to participating residences. In addition, VM provides flexibility to small 
or very small energy generators where they can redistribute energy resources with each other 
to compensate energy production-distribution and can directly participate in the electricity 
market through the respective association, which acts similarly as a big power generator unit 
[100]. 
Due to the numerous benefits of VM, few trial projects of VM have been conducted 
around the world. Virtual microgrids for smart energy networks (VIMSEN) project in Greece 
[100] and Moreland Microgrid project in Melbourne, Australia [101] are some of them. In 
addition, several research papers related to the development of VM can be found in current 
literature. Authors in [96] have proposed various algorithms for clustering distribution network 
into several microgrid for reducing the total energy cost, through the reduction of the total 
relative forecasting inaccuracies between the energy production and consumption. The 
algorithms include a spectral clustering, a genetic, and an adaptive algorithm. The studies 
reveal that significant cost reduction may be achieved, through the clustering of the prosumers 
into groups. Meanwhile, comprehensive microgrid design for achieving maximum self-
adequacy and optimum self-healing control actions have been presented in [102] and [103] 
respectively. Concept in [102] is further extended by the authors in [104]. In [104], a new 
probabilistic index that considered both reliability and supply-adequacy of the constructed VM, 
named system wellbeing (SWB) index is proposed for designing VM. 
One of the crucial elements in VM is CES. In the residential distribution network, CES 
can be used to store surplus PV energy during the day and feed back to the community during 
the peak demand period. In addition, CES operation in VM may increase supply adequacy and 
reliability of the microgrid. However, due to the high cost of CES in the current market, 
strategic CES allocation approach is needed to avoid financial losses. Few works have been 
found related to the ES planning in microgrid. Authors in [105] have presented a new method 
based on the cost-benefit analysis for optimal sizing of ES in microgrid. In their work, optimum 
size of ES for minimizing the total unit commitment schedule cost is obtained using a 
modelling language for mathematical programming. A novel approach for optimal allocation 
of ES in microgrids using matrix real-coded genetic algorithm (MRCGA) and grey wolf 
optimisation (GWO) have been proposed in [106] and [85], respectively. Both studies 
identified the optimum size of ES based on minimizing the total operation cost of microgrid. 
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However, only energy arbitrage is considered as the profit obtained from ES operation in these 
works. 
Although VM concept has many advantages and becoming popular in ADN, efforts on 
designing VM in distribution system specifically the residential networks are still lacking. 
Previous studies included large RES such as wind turbine, PV module and biomass generator 
in the microgrid. However, in most of the residential network, only distributed small-scale PV 
module or rooftop PV are available. Therefore, it is expected that difference approach from 
that used in other types of network, need to be deployed for designing VM in this area in order 
to maximize the benefit of VM construction. In addition, VM design that focused on 
maximizing the financial profits from CES deployment in it is still lacking. Furthermore, the 
survey above reveals that adequate works have been done on ES allocation in microgrid. 
However, only one or few ES benefits are considered in the planning strategy by the authors, 
which may lead to the inaccurate design and under estimation of benefits. 
This thesis contributes in this area as follows: 
 A comprehensive framework of virtual microgrid development with CES in residential 
network with rooftop PV for maximizing the NPV of CES deployment within a specified 
planning horizon is presented. Within the framework, a new index for designing VM, a 
new dispatch strategy of CES and a novel business model for CES are proposed to 
increase the profit gained by the utility and consumer while considering the load 
dependency on voltage and the probabilistic generation-load model. In addition, the 
proposed planning strategy of CES in VM considered all possible CES benefits and 
costs.  
 
2.4 Summary 
This chapter provided an overview of CES concepts, current technologies available for 
CES and CES benefits in supporting smart distribution system especially in mitigating the 
impact of RE and EV deployments. The survey also classified challenges in CES deployment 
into five issues, which are its high cost, lack of planning strategies, thermal management, 
modelling and effect of DER unit integration. It also reported a comprehensive literature review 
on the studies of CES operation and planning strategy in distribution network. The concept of 
VM and studies on VM development with CES were also reviewed in this chapter.  
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The literature review presented in this chapter showed that most of the previous studies 
on ES did not assess the impact of both ES charging and discharging on energy losses in detail. 
In addition, the effectiveness of LSF method in determining the proper location of ES has not 
yet been investigated and verified. The survey also revealed that there is a need to develop a 
complete analytical methodology for estimating the proper location, size and operational 
characteristic of ES units to serve the objectives of system load factor enhancements, energy 
losses reduction and voltage profile improvements. Furthermore, most of the existing studies 
on ES planning based on the CBA did not comprehensively consider all benefits brought by 
ES which may results in some financial losses. With respect to the VM development with CES, 
the review showed that there is a need of comprehensive framework of VM design with CES 
in residential area for maximizing NPV of CES deployment.  
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CHAPTER 3  
ES INTEGRATION FOR ENERGY LOSSES 
REDUCTION 
 
3.1  Nomenclature 
A) Indices 
i, j  Index of buses 
t  Index of time in hour 
 
B) Parameters and variables 
EL    Total energy consumed by the load 
ELoss  Total energy loss for a day 
EPV   Total energy generated by the PV   
Eopt   ES capacity for minimizing the loss   
Idemandlow    Total demand current during the off-peak load period 
Io    Load current during the off-peak load period    
Ip    Load current during the peak period 
Ipv     Current generated by the solar PV 
Is    Current provided locally by the ES 
L   Energy losses for a system without ES    
Ls  Energy losses for a system with load leveling using ES 
LSFavg  Average LSFP value throughout the day 
LSFi,max Maximum LSF for bus i 
LSFi,min Minimum LSF for bus i 
LSFP   Loss sensitivity factor with respect to the active power injection    
LSFQ  Loss sensitivity factor with respect to the reactive power injection    
Pavg    Average demand power of the feeder  
iP and jP  Active power injections at the i
th and jth buses, respectively 
PL   Total power loss in distribution system based the exact loss formula 
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Pt   Demand real power of the feeder at time t 
iQ and jQ  Reactive power injections at the i
th and jth buses, respectively 
N Total number of buses 
R  Equivalent distribution resistance 
rij  Real ij
th element of impedance bus matrix [Zbus] 
to     Storage charge time during the off-peak period 
tp     Storage discharge time during the peak period 
iiV    Complex voltage at the bus ith  
xij  Imaginary ij
th element of impedance bus matrix [Zbus] 
Zij   The ij
th element of impedance bus matrix [Zbus] 
   PV penetration level 
ΔLSFmax  Difference between the minimum and maximum LSF   
T  Time interval (1 hour) 
 
3.2  Introduction 
 The increased number of DERs has significantly changed the conventional distribution 
network from a passive to an active distribution network (ADN).  As a result of the transition 
from a passive to an active network, the distribution system may experience several challenges 
if it is not properly planned and managed. These may include excessive power losses, reverse 
power flow, voltage fluctuations and poor power quality. Energy storage (ES) has been 
considered as one of the viable solutions to some of those issues. One of the most tempting 
service-related benefits of ES is load levelling. Load levelling is a method of rescheduling load 
demand by storing energy in ES during the off-peak period and releasing it during the peak 
period [107]. Its effectiveness in shaving demand is strongly influenced by the accuracy of 
demand forecasting methods and the characteristic of feeder loads as well [47].   Load levelling 
based on ES can offer many technical and economic benefits to the distribution system. For 
example, ES can be utilized to store surplus PV generation and this stored energy is then 
discharged to the grid during the peak period. In addition, load levelling can reduce distribution 
network losses significantly [47].   
 Overall, the review founds in Chapter 2 on this issue suggests that adequate works have 
been done on ES planning considering distribution network losses. However, most of the 
previous studies did not assess the impact of both ES charging and discharging on energy losses 
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in detailed. Some of them did not consider DER integration and losses due to ES charging 
processes as well. The first part of this chapter presents an assessment of energy loss reduction 
in a radial distribution network with PV units through load levelling using ES. The effects of 
the location and size of ES and PV units on loss reduction are also assessed while considering 
both charging and discharging processes. The effectiveness of distributed ES allocation when 
compared to centralized ES placement in terms of loss reduction is quantified as well. 
  As it is concluded from the above assessment that ES placement can greatly influence the 
value of energy losses in the distribution system, a new method based on loss sensitivity factor 
(LSF) is proposed to identify the best location of ES for loss minimization. Literature review 
presented in Chapter 2 shows that no previous work has considered LSF method to locate ES 
although this approach has been known as one of reliable methods for determining the optimal 
location of distributed generation (DG) in distribution systems [57]. This method can be used 
for single or multiple locations for placement of DG or ES and it gives a relative ranking about 
the best to worst locations. However, its effectiveness in determining the optimal location of ES 
has not yet been investigated and verified. The next part of this chapter presents the ΔLSFmax 
approach to allocate ES units in a distribution network with PV units considering energy losses. 
The ΔLSFmax is defined as a difference between the minimum and maximum LSF values. 
Results of centralized, single and multiple ES placement are thoroughly analyzed and discussed 
in terms of energy loss reduction, peak demand reduction and voltage profile improvement. 
 
3.3  Impact of ES Parameters on Loss Reduction 
 This section presents the impact of ES parameters such as the location, configuration and 
size of ES on the loss reduction in the distribution system through load levelling. The impact 
of ES charging and discharging energy on the loss reduction are investigated in detail as well. 
In addition, influence of the size and location of PV in the system with ES in terms of network 
losses are explored. 
3.3.1 Loss Reduction 
 The ohmic power losses of a distribution system are directly proportional to square of the 
current flow. They can be classified into losses during the peak and off-peak loads. The losses 
without and with load leveling using ES (i.e., L and Ls, respectively) can be approximated as 
follows [48] 
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where R  is the equivalent distribution resistance; Ip and Io are the load current during peak and 
off-peak load periods, respectively; Is is the current provided locally by the ES; tp is the storage 
discharge time during the peak period and to is the storage charge time during the off-peak 
period. Equation (3.2) shows that load levelling can reduce the peak current through ES 
discharging. As the peak current is significantly higher than the off-peak current, a reduction 
in the current during the peak period may lower the net resistive losses. Accordingly, Idemandlow 
= Io, where Idemandlow represents the total demand current during the off-peak load period. In the 
presence of renewable distributed generation such as PV, the total demand current during the 
off-peak load period can be expressed as follows 
pvodemandlow III   (3.3)                           
where Ipv represents the current generated by the solar PV during the off-peak load period. 
Expression (3.3) shows that the integration of PV in a distribution network may increase the 
ratio of the peak to off-peak demand, thus changing the trend of loss reduction through ES-
based load levelling. The impact of some important parameters of ES planning on loss reduction 
in a distribution system with PV units are discussed in the next section.    
 
3.3.2 Simulation Tool and Modelling Details 
The influence of ES planning parameters on the loss reduction are investigated through a 
set of simulation conducted in GridLAB-D analytical software. GridLAB-D is an open source 
software tool developed by the Department of Energy at Pacific Northwest National Laboratory 
in the U.S. [108] purposely for smart distribution system simulations. It provides the basic 
models for various dynamic equipment including smart inverters, battery storage, PV and wind 
with high degree of accuracy which necessary for this study. This section presents the 
modelling details of load, PV and ES in GridLAB-D.   
 
 
ES Discharge 
 
ES Charge 
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3.3.2.1 Load 
Constant PQ time varying load model [36] in GridLAB-D is used to represent the load in 
this work. It is assumed that the system follows the 24-hours IEEE reliability test system load 
profile (summer, weekday) with a peak load of 540 kW and a lagging power factor of 0.74 
[109]. 
3.3.2.2 PV Model 
         PV in GridLAB-D is modelled based on national renewable energy laboratory (NREL) 
solar advisor model (SAM). This model incorporated solar position and intensity 2.0 algorithm 
(SOLPOS), Perez tilt model and flat plate efficiency model to obtain more precise PV output 
power. SOLPOS algorithm is used to calculate the values of direct solar radiation reaching the 
plane of the PV array at different times of the day while Perez tilt model is used to accurately 
factor diffuse horizontal radiation impacts into the PV array. Diffuse horizontal radiation is 
defined as the sunlight that scattered through the clouds and atmosphere, and also reflected off 
the ground nearby. After the incident solar radiation has been accurately computed, flat plate 
efficiency model was deployed to precisely calculate the solar output power. Note that, for this 
work, weather information is extracted from typical meteorological year (TMY) data collected 
by the NREL which has been incorporated into GridLAB-D. The PV units are assumed to 
generate active power only in compliance with the IEEE 1547 standard [110]. 
3.3.2.3 Energy Storage 
 Energy storage considered in this work is based on the battery technology. It is modelled 
as a “negative load”, multi-state and voltage dependent current injections in GridLAB-D. The 
“Load Following” control method available in GridLAB-D is used throughout this work to 
operate the ES according to time-varying loads. This control mechanism will charge the battery 
if the overall downstream power is below the charge-on threshold and stop charging when the 
power above the charge-off threshold. Furthermore, the battery will discharge if the total 
downstream power is above the discharge-on threshold and stop discharge when the power 
below the discharge-off threshold. Charge-on threshold, charge-off threshold, discharge-on 
threshold and discharge-off threshold values are determined in such a way that the capacity of 
ES is fully utilize and peak demand is minimized without violating the allowable ES state of 
charge. Proposed approach taken to determine these values are illustrated in Figure 3.1. It is 
assumed that the size of the ES (kW) is equal to the peak load. Li-Ion battery ES is considered 
throughout the simulations due to its maturity for small-scale grid-connected applications. ES 
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is assumed to dispatch active power only. The initial, minimum and maximum SOC of the ES 
are 0.1, 0.3 and 0.9 respectively with a roundtrip efficiency of 0.9 [111-112]. In addition, the 
energy released from the ES during discharging is adjusted to be less than or equal to the stored 
energy during charging [52]. This is done to guarantee that the energy remaining in the ES at 
the beginning of the day is equal to that at the end of the day [65].  
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Figure 3.1. ES charge and discharge control approach.
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3.3.3 System Descriptions  
 The system under study is a two-bus distribution system, including a substation and a load located 
at buses 1 and 2 respectively, as shown in Figure 3.2. This simple network is selected in the assessment 
to form elementary study that will allow us to understand the effect of CES and visualize the results in a 
better way. A solar PV panel and an ES are connected to the system at bus 2. The loads and PV units are 
distributed equally at each phase, bus 2. The capacity of the ES is set to 700 kWh. A PV unit with a total 
energy of 4.25 MWh per day, which is equivalent to a penetration level of 40%, is injected to the system. 
Such a PV penetration level,   is determined using (3.4). 
 %100
L
PV
E
E
  (3.4)                              
                                     
where EPV  and EL are the total energy generated by the PV and the total energy consumed by the load 
over a given period, respectively. Figure 3.3 shows the hourly load demand and PV output over a 24-h 
day, which are considered in this work. 
 
Figure 3.2. Two-bus distribution network model. 
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Figure 3.3. Hourly load demand and PV output with penetration of 40%. 
 
3.3.4  Impact of ES Charging and Discharging   
 A simulation has been done to investigate the impact of ES charging and discharging processes on 
distribution network losses. Figure 3.4(a) shows the load profiles of the system in the presence of the PV 
unit with and without load levelling using the ES. In this case, a portion of energy from the source and PV 
is stored in the ES during the off-peak period and the stored energy is then delivered to the grid during the 
peak period. The corresponding network losses with and without load levelling are presented in Figure 
3.4(b). It is observed from Figures 3.4(a)-(b) that the ES discharging process plays a crucial role in 
reducing the overall network losses. Although the amounts of the charged and discharged energy shown 
in Figure 3.4(a) are almost the same, the energy loss reduction during discharging (16.4 kWh) is 
significantly higher than that during charging (minus 1.8 kWh), i.e., increased loss, as illustrated in Figure 
3.4(b). This is due to the fact that the current in the feeder during discharging (peak period) is considerably 
higher than that during charging (off-peak period). The above finding reveals that the network losses are 
rather sensitive to the discharging energy when compared to the charging. In addition, as the distance of 
transferring energy has an impact on the energy loss, an attempt to reduce this distance during discharging 
results in a loss reduction higher than that during charging. In other words, ES located close to the load 
reduces losses significantly when compared to that near the source (i.e., substation). 
Table 3.1 shows the total daily energy losses of the system in the presence of the PV with and without 
load levelling using ES. It can be seen from the table that with the ES, the energy loss in the system is 
reduced by 14.6 kWh, which is equivalent to 6.5%, when compared to that without the ES. 
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(a) 
 
(b) 
Figure 3.4. Impact of ES charging and discharging: (a) power load profile and (b) system loss 
with a PV penetration level of 40%. 
   
Table 3.1. Daily energy losses with PV penetration of 40% 
Daily energy loss without ES (kWh) 222.88 
Daily energy loss with ES (kWh) 208.31 
Daily Energy loss reduction (kWh) 14.60 
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3.3.5  Impact of PV Penetration Level 
As previously mentioned, the integration of PV has a significant impact on the energy loss as defined 
by (3.3). In order to understand the impact, the same simulation has been done for different PV 
penetration levels. It is noted that other parameters such as loads and ES capacity are assumed to be the 
same as those found in the previous case. Figures 3.5(a)-(b) show the power load and loss profiles of the 
system with a PV penetration level of 46%. As shown in Figure 3.5(b), charging ES results in a loss 
reduction in the system instead of a loss increase as found in the previous analysis [i.e., Figure 3.5(b)]. 
During this process, the power is transferred from the substation and PV panel to the ES. If the PV output 
power during that period is adequate to charge the ES, no power will be transferred from the source to 
the ES. Accordingly, no losses are incured in the system due to charging. At a certain level, the loss in 
the system will be slightly reduced as a result of less reverse power flow from the PV to the grid. 
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(a) 
 
(b) 
Figure 3.5. Impact of PV penetration level: (a) demand profile and (b) power  loss with  a PV 
penetration level of 46%. 
 In order to examine the impact of PV penetration levels on the energy loss reduction during the 
charging and discharging processes, a sensitivity analysis has been conducted. For this analysis, the size 
of the ES is assumed to be 700 kWh and located close to the PV. The PV penetration level is varied from 
33% to 66%. Figure 3.6 presents the results of the total energy loss reductions due to charging and 
discharging with respect to various PV penetration levels. The negative sign of loss reduction shows the 
increased loss, whereas the positive sign indicates the reduced loss. For charging the battery energy 
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storage, the loss reduction is increased when a more PV amount is penetrated in the network. Particularly, 
when the PV penetration is below 43%, the system energy loss is increased due to charging process. In 
this circumtance, the ES absorbs the energy from the grid as the energy generated by the PV is inadequate 
to compensate the ES charging load. However, when the PV penetration is above 43%, the energy loss 
is reduced down to 5.2% from the base case at 66% PV penetration. This is because the ES locally 
consumes the energy generated by the PV.  
 In constrast to the charging, it is observed from Figure 3.6 that no significant difference in the 
energy loss reduction is observed due to discharging when different PV penetration levels are considered. 
Figure 3.6 also presents the total energy loss reduction, which is estimated as a sum of the energy loss 
reductions due to charging and discharging. As shown in Figure 3.6, the increased loss reduction is 
directly proportional to the increase in PV penetration. Reductions in the total energy loss are also 
observed over various PV penetration levels. Overall, the findings reveal that the effective usage of ES 
through load leveling can support high PV penetration and reduce the energy loss. Furthermore, PV 
integration has more influences on energy loss due to ES charging than that due to discharging. This is 
because PV output power is usually high during the off-peak period when the charging process normally 
take place. The result also highlights the benefit of ES located near PV in an ADN. 
 
Figure 3.6. PV penetration level versus loss reduction during ES charging and discharging. 
 
3.3.6  Impact of ES Location and Capacity 
 In addition to PV, the location and capacity of ES influence network losses. A simulation has been 
conducted for the test system shown in Figure 3.2 to investigate this impact. The location of the ES in 
the simulation is defined as the distance, which is equivelent to the line length of the feeder, from the 
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substation (i.e., bus 1) to the ES located. In this simulation, the location of the ES is varied from 20% to 
100% with a step of 20%. The simulation is also done by utilizing the full capacity of the ES and 
generalizing the outcome without depending on specific ES parameters such as efficiency and SOC. 
Hourly load demand and PV output shown in Figure 3.3 are considered in this analysis. The total daily 
energy demand of the system is 6.715 MWh.  
 Figure 3.7 shows the trends of energy loss reduction with different penetration levels of ES and 
locations. The penetration is estimated as the ES capacity divided by the total load demand of the system. 
As shown in the figure, a gradual increase in loss reductions with respect to all the ES locations is 
observed as the ES capacity is increased. When the ES capacity reaches about a quarter of the total energy 
demand (i.e., 1690 kWh), the loss reduction is at its maximum value. Any additional capacity of ES after 
this point will increase the network loss. Similar trends have been observed for the cases where different 
ES locations are considered with the exception that the loss reduction is increased almost linearly as the 
ES moves near the load. When the ES is located close to the load (i.e., at 100% of the total line length 
from the substation), the highest energy loss reduction, which is approximately 11% of the initial energy 
loss is recorded. In addition, the results reveal that the sensitivity of losses with respect to the ES capacity 
is strongly dependent on the location of the ES. This is because the sensitivity is increased when the ES 
moves close to the load. Generally, the result implies that ES located near the load in a radial network 
may be a viable solution for load levelling in terms of loss reduction.  
 
Figure 3.7. Loss reduction versus the capacity of ES at different locations.  
 Table 3.2 presents the impact of load levelling with respect to different ES capacity on the load 
factor and energy loss. It is observed from the table that the value of the load factor is proportional to the 
energy loss reduction. The ES penetration is found to be 25.37% at which the load factor of the system 
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is highest at 0.96 and the maximum energy loss reduction is obtained at 10.93%. The finding shows that 
the minimum energy loss is obtained when the ES penetration is adequate to bring the load factor close 
to unity. Accordingly, the ES capacity, Eopt for minimizing the loss can be approximated as the energy 
required for shaving the demand to its average value over all time periods, expressed as follows 
 
24
1
( ) ,opt j avg t avg
j
E P P T j t P P

      (3.5) 
where Pt is the demand real power of the feeder at time t, Pavg is the average demand power of the feeder, 
and T is the time interval (1 hour).   
 
 
Table 3.2. Load factor and energy loss reduction with respect to various ES penetration 
ES penetration 
(%) 
Load factor Energy loss 
reduction (%) 
2.99 0.62 3.12 
4.48 0.65 4.39 
5.97 0.68 5.52 
7.46 0.71 6.54 
8.96 0.74 7.45 
10.45 0.77 8.21 
11.94 0.80 8.82 
13.43 0.81 9.23 
14.93 0.84 9.60 
22.39 0.94 10.91 
25.37 0.96 10.93 
28.36 0.88 10.15 
29.85 0.87 8.63 
 
3.3.7  Impact of PV and ES Locations in a System of Distributed Load 
 To analyze loss reduction in a system of distributed load, this work employs a modified IEEE 2.4 
kV, 4-bus radial distribution system where the loads are distributed at each bus, as illustrated in Figure 
3.8 [113]. Here, the PV and ES are alternatively located at different buses. The system demand is based 
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on the residential load data presented in [114] and is assumed to be distributed uniformly at each phase, 
buses 2, 3 and 4. The PV peak output power is 225 kW and the ES size is 75 kW / 225 kWh. The ES 
control method shown in Figure 3.1 is applied in this simulation. The initial SOC of the ES is 0.5 and the 
simulation is run for a 24-hour timeframe. The simulation has been carried out for the cases where the 
PV unit is located alternately at buses 2, 3 and 4. Without the ES, the initial energy losses for such cases 
are found to be 16.364 kWh, 13.771 kWh and 13.738 kWh, respectively. 
 
 
Figure 3.8. 4-bus system with uniformly distributed loads.  
 
Table 3.3 shows the energy loss reductions due to charging and discharging with respect to various 
locations of the PV and ES. For charging, the maximum loss reduction is found for the case where ES 
and PV unit are located at bus 4. The lowest value of loss is observed when the PV unit is placed at bus 
2 (near the substation) while the ES is located at bus 4 (the end of the feeder). For discharging, the 
maximum loss reduction occurs when the PV is located at bus 3, while the ES is located at bus 4. The 
minimum value is found when the PV and ES unit are placed at bus 2.  
Table 3.3 also presents the total daily energy loss reduction with different locations of the PV and 
ES that considers both charging and discharging. The maximum loss reductions are found for different 
scenarios where the ES is placed at the end of the feeder (bus 4), whereas the PV is located at any location 
on the feeder (i.e., bus 2, 3 or 4). Among these scenarios, the loss reduction is highest, at 10.05% to 
which both PV and ES are located at the end of the feeder. In contrast, the minimum value is 3.13% for 
the case where the location of the PV and ES are at bus 2. Accordingly, it is found that when the PV is 
located at the end of the feeder, the energy loss of the feeder is rather sensitive to the location of ES. 
Such sensitivity is increased with respect to the incease in PV penetration. 
For the purpose of load leveling, the ES usually contributes a small amount of energy through 
discharging to meet the demand when compared to the source. For example, in this simulation, the ES 
only delivers 10.2% of the total demand energy. Thus, the energy released by the ES only is capable of 
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serving a small portion of the load located close to it. By placing the ES near the load at the end of the 
feeder, most of the demand at this location  is locally  fulfilled by the ES during the peak period. This 
can reduce the power flow from the source to the load, thereby lowering the losses.  This is not the case 
where ES discharges a large amount of energy to the grid. For example, ES is purposely installed for 
islanding. For this case, the ES placed at the “center” of multiple loads along the feeder may lead to a 
significant reduction in power losses as the distance from the ES to the loads is minimized. However, 
this type of ES application is not included in this thesis and it will be considered in future work. 
Table 3.3. Daily loss reductions with different PV and ES locations 
Location of PV 
(Bus) 
Location of ES 
(Bus) 
Energy Loss Reduction (%) 
During Charging During Discharging Total 
2 
2 -0.04 3.18 3.13 
3 -2.30 6.15 3.85 
4 -3.50 7.39 3.89 
3 
2 -0.05 3.75 6.32 
3 1.03 6.37 7.40 
4 -0.40 7.83 7.43 
4 
2 -0.05 3.76 3.71 
3 1.02 6.37 7.39 
4 3.06 6.99 10.05 
 
3.3.8  Impact of ES Configurations in a System of Distributed Load 
The same network found in Subsection 3.2.7 is used in this analysis to investigate the impacts of ES 
locations and configurations on loss reduction. This analysis considers two options, namely centralized 
ES and distributed ES. The former includes a centralized 3-phase ES of 75 kW / 150 kWh. The latter 
consists of three single-phase distributed ES units with 25 kW / 50 kWh each. The ES units in both 
options are alternatively located at buses 2, 3 and 4. As an example, both connection options at bus 4 are 
shown in Figure 3.9. The simulation is implemented for both uniform and non-uniform loads/PV. For 
the uniform scenario, 17 kW typical residential loads for 5 houses and one 15 kW distributed PV unit are 
connected to the feeder at each phase, buses 2, 3 and 4. For the non-uniform scenario, a total load of 408 
kW and a total PV capacity of 400 kW are distributed non-uniformly along the feeder, as shown in Table 
3.4. It is noted that for both options, the sizes and capacity of ES as well as its control methods are as 
detailed in Subsection 3.2.7.  
Table 3.5 shows the above simulation results. This includes the energy loss reductions for the 
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uniform and non-uniform load/PV scenarios. For the uniform scenario, the highest loss reduction is 
4.62% when the distributed ES units are located at bus 4. For the non-uniform scenario, this value is 
2.60% when the distributed ES units located at bus 3 due to the PV penetration level is highest at this 
bus.  In addition, the results show that the distributed ES produce almost twice energy loss reductions 
than the centrally located ES.   
       
Figure 3.9. Configuration of the system with the ES connected at bus 4: (a) Centralized ES and 
(b) Distributed ES. 
Table 3.4. Load and PV values for non-uniform Case 
Bus/Phase Peak load (kW) Maximum PV output (kW) 
2/A 51 45 
2/B 68 60 
2/C 17 25 
3/A 17 25 
3/B 51 50 
3/C 68 100 
4/A 68 40 
4/B 17 25 
4/C 51 30 
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Table 3.5. Energy loss reduction for different ES configurations and locations 
Configuration  
and location 
Energy loss reduction (%) 
Uniform load and PV Non-uniform load and PV 
Centralized ES, bus 2 1.41 0.69 
Centralized ES, bus 3 2.31 1.13 
Centralized ES, bus 4 2.61 1.31 
Distributed ES, bus 2 3.40 1.81 
Distributed ES, bus 3 4.26 2.60 
Distributed ES, bus 4 4.62 2.17 
 
3.3.9 Discussion 
Section 3.2 assesses the potential of energy loss reduction in a radial distribution network with PV 
units through load leveling using ES. The results show that the distance between ES and loads plays a 
critical role in determining energy losses. Consequently, for a radial system with uniformly distributed 
load, the highest energy loss reduction is obtained when ES and PV is located at the end of the feeder. It 
is also shown that when distributed PV units are located at the end of the feeder, the energy loss is rather 
sensitive to ES locations. For the simple test system used in this work, the capacity of ES is approximately 
a quarter of the total demand capacity, at which the maximum loss reduction is obtained. Such ES 
capacity is sufficient to bring the load factor of the system close to unity. However, the cost of storage 
deployment increases proportionally to its capacity. In addition, the effectiveness of distributed ES in 
terms of loss reduction is quantified in this paper. ES allocated in a distributed manner can produce 
almost twice loss reductions than centrally placed ES.    
3.4 ES Placement based on the Loss Sensitivity Factor (LSF) Method   
 This section presents the proposed method for ES placement based on the loss sensitivity factor 
(LSF). It consists of the introduction to LSF, the proposed ES placement method, modelling details, 
numerical results and conclusion made based on the developed approach. 
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3.4.1 Loss Sensitivity Factor (LSF) 
 The LSF method is a technique that is based on the principle of linearization of the nonlinear “exact 
loss formula”. It determines how sensitive the system loss is to the real or reactive power injection at any 
bus. The total active power loss in a distribution system can be calculated by “exact loss formula” as 
follows: 
    
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iP and jP  the active power injections at the i
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iQ and jQ  the reactive power injections at the i
th and jth buses, respectively; 
N the number of buses. 
 
The real power loss sensitivity factor with respect to the active and reactive power injections at bus i, (i.e. 
LSFP and LSFQ respectively) can be formulated as  
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3.4.2 Proposed Methodology  
 In most existing works discussed in Chapter 2, LSF values are calculated based on the peak load 
demand. This may not be accurate for identifying the optimal location of ES due to its daily charging and 
discharging operations and wide variations in load demand. However, in this paper, LSF values are 
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considered for each hour over a day. Given that, the real power loss for every hour in a distribution 
system is computed using an exact loss formula as (3.14), 
    
 

N
i
N
j
tjtitjtiijtjtitjtiijtL QPPQQQPPP
1 1
,,,,,,,,,    (3.14)
  
where, 
   tjti
tjti
ij
ijtjti
tjti
ij
ij
VV
r
VV
r
,,
,,
,,
,,
sin,cos    
titiV ,,   the complex voltage at the bus i
th and hour t; 
tiP , and tjP ,  the active power injections at the i
th and jth buses during hour t, respectively; 
tiQ , and tjQ ,  the reactive power injections at the i
th and jth buses during hour t, respectively; 
  
the total energy loss for a day can be calculated from (3.14) as follows: 



24
1
,
t
tLLoss PE     (3.15)                    
   
Thus, the analytical expressions of real power loss sensitivity factor at each hour within a day with respect 
to the active and reactive power injections at bus i ( LSFPt and LSFQt respectively), can be formulated as 
(3.16) and (3.17). 
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It is assumed in this work that the ES unit operates at unity power factor. Therefore, only LSFP will be 
considered throughout this work. Based on the findings obtained from the studies in the first part of this 
chapter and the basic principle of LSF, justifications on locating ES for minimizing energy losses can be 
made as follows:- 
 Charging operation usually occurs during the off-peak period and causes a loss increase, as the grid 
needs to supply more power and/or PV units deliver power to charge the storage. 
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 Discharging process usually occurs during the peak period and results in a loss reduction as the storage 
injects power to the grid. 
 Charging ES at the bus with the lowest LSF will reduce the loss increase as much as possible since the 
fact that any change of real power may have the lowest impact on losses. 
 Discharging ES at the bus with the highest LSF will raise a loss reduction as much as possible because 
any change of real power may have the highest impact on losses.   
 A combination of the lowest loss increase during charging and the highest loss reduction during 
discharging results in the maximum energy loss reduction. 
Active power demand and load power factor at one bus in the distribution network may not be the same 
as that recorded for other buses. As a result, the bus with the highest LSF might not be the same as the 
location in which the LSF is lowest. Hence, an approach that considers a difference between the minimum 
LSF (i.e., LSFmin) and maximum LSF (i.e., LSFmax), (i.e., ΔLSFmax) as formulated in (3.18) is proposed for 
locating ES. It is expected that, by locating ES at the bus with the highest ΔLSFmax, the lowest energy 
losses could be obtained. Justification behind the proposed approach is that, minimum LSF in a day 
usually occurs during the off-peak period, when ES charges an energy and causes a loss increment. 
Meanwhile, maximum LSF occurs during the peak time, when ES discharges its energy and causes a loss 
reduction. Hence, ES operation at location with the highest ΔLSFmax may result in the highest difference 
between the loss reduction during the discharging operation and loss increment during the charging 
operation of ES. Consequently, this scenario may lead to the lowest energy losses in the ADN. 
 
min,max,max, iii LSFLSFLSF           (3.18) 
 
3.4.3 Load, PV and ES Modelling 
 Same models and control method for load, PV and ES utilized in the first part of this chapter are 
deployed in this work. Description on the models and control method can be found in Subsection 3.2.2. 
3.4.4  System Description 
The proposed methodology was tested on two test systems. The first system is the 15-bus radial 
distribution system with a total load of 1.23 MW and 1.25 MVAR, shown in Figure 3.10. A modification 
has been made in the test system by placing several PV generation systems (PVGS). Each unit has a size 
of 150 kWp. Figure 3.11 depicts the second system that is a modified 33-bus radial distribution system 
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with a total load of 3.715 MW and 2.3 MVar [13]. In this test system, PVGS units are deployed at buses 
8, 12, 18 and 25 where each unit at buses 8, 18 and 25 has a size of 300 kWp while a 500 kWp of PVGS 
unit is located at bus 12.  Load value is followed the historical residential load profile (summer, weekday) 
found in [109]. Figure 3.12 shows the hourly load demand and PV output over a 24-h day. The efficiency 
of Li-ion battery is 0.9 and the initial SOC is 0.4. The minimum and maximum SOC values are at 0.1 and 
0.9 respectively [115].  The charging and discharging rates are equal to the real power peak demand. The 
efficiency of the inverter with unity power factor is 0.9.   
 
 
Figure 3.10. A modified 15-bus test system. 
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Figure 3.11. A modified 33-bus test system. 
 
 
 
Figure 3.12. Hourly load demand and PV output. 
 
3.4.5  Numerical Results 
Simulation has been done using MATLAB software to investigate the trend of LSFP values for 
distribution system with PV generation. Figure 3.13 presents the computed LSFP for each bus in the 15-
bus test system using (3.16) over a day. As shown in Figure 3.13, the LSFP curves for all buses except 
bus 1 are almost identical. This is because bus 1 is assumed as a slack bus and does not have any power 
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injection to it. For the other buses, the LSFP are low during the off-peak period and high during the peak 
period. This means that any change of real power injection during the peak period may have high influence 
on power losses compared to that during the off-peak period. Another observation is that the LSFP at bus 
10 is lowest during the off-peak period while the LSFP at bus 13 is highest during the peak period.   
 
Figure 3.13. LSFP values for the modified 15-bus test system. 
 
Figure 3.14 shows the values of ΔLSFmax for each bus in the modified 15-bus system. It is observed 
from the figure that the ΔLSFmax is highest (0.056) at bus 13 while the ΔLSFmax is lowest (zero) at bus 1. 
It is also obvious that the lateral, which consists of buses 3, 11, 12 and 13, have a higher ΔLSFmax value 
than other laterals. This may be due to the PV unit and large-sized loads located in this lateral. Moreover, 
as the bus in each lateral moves closer to the substation, the value of ΔLSFmax for the bus is decreasing 
gradually. This finding depicts that, based on the ΔLSFmax approach, a maximum energy loss reduction 
can be obtained by locating ES at bus 13. In addition, the lateral that consists of buses 3, 11, 12 and 13 
may be appropriate to place multiple ES units for minimizing energy losses. 
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Figure 3.14. ΔLSFmax values for the modified 15-bus test system. 
 
Meanwhile, Figure 3.15 shows the values of ΔLSFmax for each bus in the modified 33-bus test system. It 
is shown that the highest ΔLSFmax is at bus 18 when compared to other buses. Therefore, based on the 
proposed method, ES located at this bus may yield the lowest energy losses when compared to other 
locations. 
 
 
Figure 3.15. ΔLSFmax values for the modified 33-bus test system. 
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3.4.5.1 Single ES Placement 
A simulation has been conducted using GridLAB-D software tool to check the accuracy of the 
proposed method on locating a single ES in distribution system with PV units for minimizing energy 
losses. It is assumed that a single ES unit with a capacity of 600 kWh and 1 MWh are located in the 
modified 15 and 33-bus test systems, respectively. The effectiveness of proposed method based on 
ΔLSFmax is compared to the LSFavg and centralized approaches. Locating ES based on the LSFavg 
approach is done by locating ES at the bus with the highest average LSFP values throughout the day. For 
the centralized approach, ES is located at the substation. The later approach is a classical approach and 
has been widely deployed in the distribution system. Figure 3.16 illustrates the daily ES SOC and ES 
load at bus 13 in the 15-bus test system. Meanwhile, Table 3.6 details the simulation results of daily 
energy losses, peak demand, maximum and minimum voltages for single ES placement using the above 
approaches. Figure 3.16 shows that the ES control method deployed in this work is able to fully utilize 
the capacity of ES without violating ES constraints such as the minimum and maximum allowable SOC. 
Besides that, the control method ensured that the energy remaining in the ES at the end of the day is 
equal to that at the beginning of the day. It is observed from Table 3.6 that locating ES in both test 
systems using the proposed ΔLSFmax approach results in lower energy losses and better voltage profiles 
when compared to those based on the LSFavg and centralized approaches. For the 15-bus test system, this 
approach records a slightly higher peak demand than that using the LSFavg approach. Moreover, locating 
ES at substation may not have any impact on the energy losses and voltage profile in the systems.  
 
 
Figure 3.16. Daily ES SOC and ES load at bus 13 in the modified 15-bus test system. 
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Table 3.6  Single ES Placement using difference approaches 
 
In addition to the location, ES capacity also may impact energy losses. A simulation was done on 
the 15-bus test feeder to investigate the effect of ES capacity on energy losses. Figure 3.17 shows the 
simulation results of energy losses for different sizes and locations of ES (i.e. buses). These buses are 
selected as they are located in the lateral that has the highest ΔLSFmax values compared to other laterals. 
ES capacity is varied in the range of 200 kWh to 3400 kWh. It can be seen from Figure 3.17 that for the 
ES with capacity of 200 kWh to 700 kWh, locating ES at bus 13 results in the lowest energy losses. In 
contrast, for the ES with a capacity from 700 kWh to 1200 kWh, the best location is bus 12. For the ES 
with capacity from 1200 kWh to 2000 kWh, the best location is bus 11. For the ES with capacity more 
than 2000 kWh, the optimal placement is bus 3. This revealed that as the capacity of ES is increased, its 
location where the energy loss is lowest moves from the bus located at the end of the lateral (i.e. bus 13) 
to the location closer to the substation (i.e. bus 3). In addition, the impact of ES location on energy losses 
is more significant as the capacity of ES is increased.  
The above finding shows that locating a large size of ES at the bus where the ΔLSFmax is highest 
may not lead to the lowest energy loss. However, the ΔLSFmax approach is a reliable method for 
determining the lateral that may produce the lowest energy losses when ES is located at any point in it. 
After identifying this lateral, the optimal location for an ES with any given size can be identified using 
the following procedures: 
Step 1: Locate ES at the bus at the end of the lateral. Run load flow to compute energy losses. 
Step 2: Repeat Step 1 for ES located at bus connected to the previous bus followed by the next bus closer 
to the substation.   
Step 3: Compare the energy loss with the energy loss obtained in the previous solution. If the energy loss 
is higher than that for the previous solution, stop the process and proceed to Step 4.   
Step 4: Select the previous solution as the optimal site of ES. 
Test 
System
Method
ES 
Location
Energy Losses
 (kWh)
Peak Demand
 (kW)
Vmax(bus) Vmin(bus)
Base Case 542.34 1259.54 1 (1) 0.9455 (13)
ΔLSFmax  Bus 13 533.96 1119.86 1 (1) 0.9514 (13)
LSFavg  Bus 15 535.04 1119.82 1 (1) 0.9487 (13)
Centralized Bus 1 542.34 1123.88 1 (1) 0.9456 (13)
Base Case 1663.38 3831.36 1 (1) 0.9075 (18)
ΔLSFmax Bus 18 1615.12 3549.61 1 (1) 0.9147 (18)
LSFavg Bus 33 1638.91 3554.06 1 (1) 0.9116 (18)
Centralized Bus 1 1663.38 3581.37 1 (1) 0.9075 (18)
15
33
 55 
 
Figure 3.17. Impact of ES capacity and location on energy losses for the modified 15-bus test 
system. 
3.4.5.2 Multiple ES Placement 
In this work, different approaches have been adopted to locate the multiple ES units. These include 
the ΔLSFmax approach, the LSFavg and a method that places ES at buses where PV units are connected. 
It is assumed that three ES units were located in each of the test systems. The ES with 200 kWh each is 
placed in the 15-bus test system and 333.33 kWh each is placed in the 33-bus system. It is noted that 
these ES units are assumed have the same operational characteristics as the single ES in the previous 
subsection. For the ΔLSFmax and LSFavg approaches, the buses where the values of ΔLSFmax and LSFavg 
respectively are the first three highest values would be selected to place ES units. Table 3.7 shows the 
simulation results in terms of energy losses, peak demand, and maximum and minimum voltages. It can 
be seen from the table that locating multiple ES in both test systems based on the ΔLSFmax approach 
results in lower energy losses and better voltage profiles when compared to that based on the LSFavg and 
the method that locates ES near the PVGS as mentioned earlier. It is good to note that the proposed 
ΔLSFmax approach computes the lowest peak demand for the 15-bus test system. However, for the 33-
bus test feeder, locating ES units near PVGS leads to the lowest peak demand when compared to that 
using the ΔLSFmax and LSFavg approaches.  
Another analysis has been made to compare the centralized, single and multiple ES placement in 
the 15-bus test system in terms of the real power losses, peak demand reduction and voltage profile at 
bus 13. A single ES and multiple ES units are located at optimal buses, which were determined using the 
ΔLSFmax approach. For single ES, the best location is bus 13. For multiple ES units, the best locations 
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are buses 11, 12 and 13. The ES capacity for each configuration is assumed to be 600 kWh. Figures 3.18-
3.20 illustrate the simulation results. It can be seen from these figures that the single ES configuration 
obtains a lower peak demand and real power loss and better voltage profile than the centralized and 
multiple ES configurations. In addition, the centralized ES configuration yields the same results as the 
base case (i.e. without ES) when the power losses and voltage profile are considered. This shows that the 
centralized ES configuration does not make any contribution to losses reduction and voltage profile 
improvement. Similar trends of real power losses, peak demand reduction and voltage profile were also 
found for the 33-bus test system. Overall, this finding reveals that single ES placement at the optimal 
location would be the best option for maximizing ES benefits in terms of loss reduction, peak shaving 
and voltage profile improvement compared to the centralized and multiple ES placement. 
 
Table 3.7. Multiple ES placement using difference approaches 
 
 
Test 
System
Method
ES 
Location
Energy Losses
 (kWh)
Peak Demand
 (kW)
Vmax(bus) Vmin(bus)
Base Case 542.34 1259.54 1 (1) 0.9455 (13)
ΔLSFmax  Bus 11, 12,13 533.32 1165.76 1 (1) 0.9503 (13)
LSFavg  Bus 13, 14, 15 534.26 1200.17 1 (1) 0.9478 (13)
Near PVGS Bus 4,10,13 533.92 1179.17 1 (1) 0.9481 (13)
Base Case 1663.38 3831.36 1 (1) 0.9075 (18)
ΔLSFmax Bus 16, 17, 18 1606.01 3692.18 1 (1) 0.917 (18)
LSFavg Bus 33, 32, 31 1639.50 3758.23 1 (1) 0.9086 (18)
Near PVGS Bus 12, 18, 25 1619.60 3669.81 1 (1) 0.9131 (18)
15
33
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Figure 3.18. Power profile for different ES configurations in the modified 15-bus test system. 
 
 
 
Figure 3.19. Real power losses for different ES configurations in the modified 15-bus test system. 
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Figure 3.20. Voltage profile at bus 13 for different ES configurations in the modified 15-bus test 
system. 
3.4.6 Discussion 
Section 3.3 has presented a ΔLSFmax approach to place ES with a given size in a distribution network 
with PV units considering energy losses. The ΔLSFmax is calculated as a difference between the minimum 
and maximum LSF values. The proposed method has been tested on modified 15 and 33-bus test systems. 
The results show that locating single and multiple ES units using the ΔLSFmax approach can results in 
lower energy losses and better voltage profile when compared to other methods, namely average LSF 
(LSFavg), centralized ES placement (i.e. ES is located at the substation), and ES located near to PVGS 
units. However, as the capacity of ES is increased, the location of ES where the energy loss is lowest 
moves from the bus located at the end of the lateral to that closer to the substation. The analysis also shows 
that single ES placement at the optimal point using the ΔLSFmax approach could be the best option for 
maximizing ES benefits in terms of loss reduction, peak shaving and voltage profile improvement when 
compared to centralized and multiple ES placement.  Moreover, the proposed method can also be used for 
other radial distribution systems with various DGs such as wind and biomass for locating ES units.  
 
3.5  Summary 
This chapter consists of 2 parts where the first part assesses the potential of energy loss reduction in a 
radial distribution network with PV units through load leveling using ES. Methodology for single and 
multiple ES placements in distribution system with PV generation system based on the loss sensitivity 
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factor (LSF) method is presented in the next part. Assessment conducted in the first part concludes that 
ES placement can greatly influence the value of energy losses in the distribution system where ES located 
close to the load achieves an energy loss reduction higher than that near the source. Moreover, it is found 
that the optimal ES capacity obtained through load leveling produces a maximum energy loss reduction. 
This capacity is adequate to bring the system daily load factor close to unity. It is also shown that 
distributed ES allocation can yield almost twice amount of loss reductions higher than centralized ES 
placement. The current work could be a guideline for researchers and distribution system planners on 
planning and operating ES effectively.With respect to the developed methodology for single and multiple 
ES placement presented in the second part of this chapter, it is concluded that the proposed ΔLSFmax 
approach can yield lower energy losses and better voltage profiles than other methods: average LSF, 
centralized ES (i.e. ES is located at the substation) and ES located near the PV units. However, the 
location of ES for minimizing losses is also affected by its penetration level and operational characteristic. 
Therefore, sensitivity based siting approach that considers these elements should be developed. As this 
problem is highly nonlinear, optimization approach is utilized to solve the planning matter which is further 
detailed in Chapter 5.  
 
 
  
 60 
 
CHAPTER 4  
ANALYTICAL STRATEGY FOR CES ALLOCATION 
 
4.1  Nomenclature 
A) Indices 
y  Index of PV output states  
t  Index of time in hour 
i, j, k, n  Index of buses 
s  Index of combined generation-load states 
h  Index of CES penetration levels 
 
B) Parameters and variables 
CCES  CES capacity needed to achieve a desired annual LF   
CCESR   Rated capacity of CES in kWh 
CCESopt   Optimal CCES  
CPV(y)  Normalized output power of PV corresponding state y 
ECES,k,t  CES energy variation 
ED,annual   Annual demand energy 
EDISs,t,w  CES discharging energy of state s at hour t in winter 
EDISs,t,sp CES discharging energy of state s at hour t in spring 
EDISs,t,su CES discharging energy of state s at hour t in summer 
EDISs,t,au CES discharging energy of state s at hour t in autumn 
EL,i  Annual energy required by a load at bus i 
ELtot   Total annual energy consumed by all the loads in a system   
EPV,i   Annual energy produced by a PV unit at bus i 
EPVtot   Total annual energy generated by all the PV units in a system 
EL  Annual energy loss without CES 
ELCES,h  Annual energy loss when the system is subjected to the h level of CES penetration 
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ELRavg Average value of the annual energy loss reduction that considers different CES 
penetration levels 
fb(g)  Beta probabilistic distribution function of a solar PV output 
g  Random variable of a solar PV output (p.u) 
H  Total CES penetration level 
KQji   Scalar value related to jV and Qi 
LF   Annual load factor 
LFCES   Annual load factor for a system with CES 
M  Total number of combined generation-load states for every time-segment      
N  Total number of buses in a system 
NCES  Minimum CES penetration in % 
NPV   PV penetration level in %  
PCESk,t   Active power dispatched by CES  
Pch   Charging threshold 
PD,CESmax  Maximum demand power of all combined generation-load states for a system with CES 
PDA,CESmax  Maximum value of the daily average demand over a year for a system with CES 
Pdis   Discharging threshold 
PDmax  Maximum substation demand power throughout a year 
PDs,t,w  Substation demand power of state s at hour t in winter 
PDs,t,sp  Substation demand power of state s at hour t in spring 
PDs,t,su  Substation demand power of state s at hour t in summer 
PDs,t,a  Substation demand powers of state s at hour t in autumn 
PDt  Total active power demand of a substation at hour t 
PG  Generated active power 
PL   Active power of load demand 
PPVo(y)  Expected output power from a PV module at state y  
PPV,rated  Capacity of a PV module or the  maximum PV output throughout a given time period 
PPV(t)    Total expected output power of a PV module across any period t  
PPVR  Capacity of PV generation 
QCESk,t  Reactive power dispatched by CES 
QG   Generated reactive power 
Qi  Reactive power injection at bus i 
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QL  Reactive power of load demand 
Vlow  Lower limit of operating voltages   
Vn,t  Operating voltage of bus n during t hour  
Vup   Upper limit of operating voltages  
XCOG  X-axis coordinate based on the COG method  
Xi   X-axis coordinate of bus i 
YCOG  Y-axis coordinate based on the COG method 
Yi   Y-axis coordinate of bus i  
Y   Line admittance 
Ρ{Ry}  Probability of a PV output for state y 
   Voltage phase angle 
   Line admittance phase angle 
ρ{Cs,t,w} Probability of the related state, s in winter 
ρ{Cs,t,sp} Probability of the related state, s in spring 
ρ{Cs,t,su} Probability of the related state, s in summer 
ρ{Cs,t,a} Probability of the related state, s in autumn 
η  Round-trip efficiency of CES  
γ   Maximum depth of discharge for CES 
κ   Self-discharge rate of CES 
ΔVj  Voltage magnitude change at bus j  
Δt    Time duration of period t 
4.2  Introduction 
ES can be used to effectively alleviate problems caused by the high penetration of RES including 
PV. It also offers numerous benefits such as load factor improvement, loss reduction, T&D upgrade 
deferral and others.  However, such benefits can only be achieved if an effective ES planning strategy is 
adopted. As discussed in Chapter 2, many research efforts have been found on the planning of ES in 
power distribution systems integrated with RES considering various applications. However, a 
comprehensive analytical methodology to estimate the strategic size, location and operational 
characteristic of ES units in PV-rich residential systems is still lacking. Besides, an analytical planning 
framework of ES that serve the three respective objectives of system load factor enhancement, energy 
loss reduction and daily load profile improvement has not been reported.  In addition, most of the existing 
studies on ES planning considered the active power dispatch of ES only. It is necessary to consider both 
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active and reactive power provisions in the form of the optimal power factor of ES in the planning 
strategy. This is due to the fact that, by considering the reactive power dispatch of ES, a more effective 
outcome in terms of energy loss reduction and voltage profile enhancement could be obtained.  Besides, 
most of the CES allocation strategies found in the literature used complex and time-consuming 
optimization approaches. The majority of existing approaches considered optimal ES sizes with the 
assumption that its location was predefined.  
This chapter proposes a new simple framework, which is based on analytical approaches for sizing, 
locating and dispatching CES in a residential distribution system with PV units. In this framework, a 
modified COG theory-based formulation is first presented to identify the location of CES to minimize the 
annual energy loss. Secondly, a load following control method is developed to determine the rated capacity 
of CES and its hourly dispatch strategy to achieve a desired system load factor. Finally, a technique to 
estimate the optimal operational characteristic of CES is proposed to flatten the daily demand profile and 
enhance the voltage profile. In addition, a probabilistic model is presented to model the uncertainty 
generated by existing PV outputs along with hourly demand variations over four seasons in a residential 
system. This model is simpler and requires less input data and calculation than existing methods in the 
literature. The effectiveness of the presented approaches are verified on a 19-bus test system. The financial 
benefits gained from CES deployment are also evaluated based on the developed strategy and historical 
energy prices. 
 
4.3  Load, PV and CES Modelling 
4.3.1 Load Model 
Residential load is represented by the time-varying load model. This model is defined as a load 
model which is dependent on the time. The distribution system under the study is assumed to follow the 
nominalized 24-hour residential load profile which was generated from the historical data found in [116]. 
For reasons of simplicity, each year is divided into four seasons (winter, spring, summer and autumn). 
The 24-hour load profile of a day within each season is representing all days in that particular season. In 
this context, the load curves of four 24-hour days (24x4=96 hours) are then representing the four seasons 
in a year (8760 hours). Figure 4.1 illustrates the normalized hourly residential load curve for four seasons 
(winter, spring, summer and autumn) utilized in this study. It is shown in this figure that the seasonal 
maximum and minimum in residential load demand happened during summer and spring, respectively.  
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Figure 4.1. Normalised 24-hour residential load profile. 
 
4.3.2 PV Generation Model 
Many previous studies have modeled the PV generation by first computing the probabilistic 
distribution of solar irradiance based on historical data using the Beta probability distribution function 
(PDF) [117-119]. However, this work presents a model to consider the uncertainty of PV generation using 
the probabilistic value of PV output instead of solar irradiance. This model is achieved by modifying the 
model in [117]. The presented model is simpler and requires less data and calculation than the previous 
approaches. It is suitable for analyzing a power distribution system, already connected with PV units. One 
can use the proposed model when the data of weather, PV modules and inverter characteristics are not 
available. This model is conducted based on the following assumptions: 
 Historical PV output data are provided. 
 Each hour has 20 states of PV output with an interval of 0.05 p.u, each of which is within a specific 
limit. Table 4.1 depicts the PV output states considered in this work. 
 There is no or a weak correlation between the PV output and the load. 
 All PV units, already installed in the system operate at unity power factor. 
 All PV units are subjected to the same solar irradiance and PV module characteristics. This 
assumption is made due to that these units are usually located close to each other in a residential 
community. The same assumption has also been adopted in many previous studies to simplify the 
planning problem [69-70], [78].   
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Table 4.1. Selected PV output states. 
PV output state (s) PV output limit (p.u) 
1 0-0.05 
2 0.05-0.1 
⁞ ⁞ 
20 0.95-1 
  
 
The model to estimate the PV output [117] is modified as follows: 
 
1. The historical data of hourly PV outputs for three years are collected. The data are then 
normalized by dividing each PV output by its  maximum value and clustered according to given 
seasons (i.e, winter, spring, summer and autumn). 
2. For every season, the data are clustered again based on their time-segments (i.e., 24 time-
segments or 24 hours in this study), each of which is one hour and has its own PV output. 
Accordingly, there are 96 time-segments over a year under the study. 
3. For every time-segment, the mean and standard deviation of hourly PV outputs (i.e., µ and σ) are 
calculated. From these estimated values, the Beta PDF of a PV output,  gfb  is generated as 
follows: 
         
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where g is the random variable of a PV output (p.u). Beta PDF is selected to describe the 
probabilistic of PV output due to that the PV output is directly proportional with solar irradiance. 
Additionally, the Beta PDF is widely utilized in many previous works to represent the 
probabilistic nature of solar irradiance [51-53], [64]. 
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4. Compute the probability of a PV output for each state, y during any specific time segment as 
follows: 
 
           
2
1
y
y
g
y b
g
R f g dg       (4.4) 
 
where gy1 and gy2 are the PV output limits of state y. 
 
5. Utilizing the average value of a PV output in each state as the normalized output power of PV 
corresponding to that state CPV(y), the expected output power from the PV module at state y,  
PPVo(y) can be expressed as follows: 
 
            ,PVo PV PV ratedP y C y P      (4.5) 
 
where PPV,rated is the capacity of the PV module or the  maximum PV output throughout a given 
time period.  
 
6. The total expected output power of a PV module across any period t, PPV(t) for any season can 
be obtained from (4.4) and (4.5) as follows:  
 
          
1
0
PV y PVoP t R P y dy     (4.6) 
 
7. The PV penetration level in a distribution system, NPV in percent can be computed as follows: 
 
100 PVtotPV
Ltot
E
N
E
                                           (4.7) 
 
in which, EPVtot and ELtot are respectively the total annual energy generated by all the PV modules 
and consumed by all the loads in the system. 
 67 
4.3.3 Combined Generation-Load Model 
It is assumed that there are 96 time-segments over a year, each of which has its own PDF of PV 
output power. In order to incorporate the PV output power as multistate variables in the planning 
formulation, the continuous PDF of each hour is divided into 20 states. The combined PV generation-load 
model [117-119] is adopted in this work to handle the uncertainties. To compute the annual demand energy 
and energy loss for the system, the deterministic power flow is analyzed for each state. The values of 
power losses and power demand calculated in each state are then weighted based on the probability of its 
occurrence during the entire year. Finally, these values are respectively accumulated to obtain the annual 
energy loss and demand energy.  
4.3.4 CES Model 
A CES unit is assumed to be connected to an alternating current (AC) system via bidirectional 
DC/AC converters that can be controlled in all four quadrants [54]. It can operate at any desired power 
factor (lagging/leading) to charge or discharge active and reactive power. In other words, the CES unit 
can function as a load during charging and a generator during discharging active power. The CES energy 
variation at bus k during period t, ECESk,t can be expressed as follows: 
 , ,, 1CESk t CESk tCESk tE E t P       (4.8) 
where PCESk,t is the power dispatched by CES during time t; positive PCESk  represents the power discharged 
by the CES while negative PCESk is the power charged by the CES unit; t  is the time duration of period 
t. For purposes of long-term planning, this paper adopts a simple storage model on the basis of 
compromising the simplicity and accuracy of the analysis. A more sophisticated model can be 
incorporated in the proposed approach to increase the accuracy. Though, this may add further complexity 
and impose an additional computational burden in the allocation strategy. This practice may be suitable 
for purposes of quite short-term operation and control. 
4.4 Proposed Analytical Allocation Strategy 
This section describes a methodology proposed for CES allocation. The conceptual design of the 
allocation framework is briefly illustrated in Figure 4.2. As shown in the figure, the inputs are distribution 
system data, load models and the probabilistic model of PV outputs. The approaches used to model the 
load and PV generation was described in Subsection 4.3. The allocation method consists of three major 
steps. The first step is to identify the location of CES to minimize the annual energy loss in a distribution 
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system. Next, given the proper site of CES, its capacity is computed to achieve a desired annual load 
factor, which is pre-specified by power utilities. Finally, the operational characteristics of CES are 
determined by dispatching its active power, PCES to flatten the daily demand profile as much as possible. 
Meanwhile, the reactive power of CES, QCES is dispatched to improve the voltage profile within its 
specified limits. Analytical formulations, justifications and assumptions for each step of the CES 
allocation strategy are detailed in the next section. 
 
Figure 4.2. A conceptual design of the CES allocation framework. 
4.4.1 Location 
This section proposes analytical expressions to determine the strategic location for a single CES unit 
in a typical residential network. The aim of the placement strategy is to obtain a lower annual energy loss 
without any prior knowledge of the size and operational characteristics of CES. It is also worth mentioning 
that unlike previous approaches reported in the literature and the LSF-based locating approach presented 
in Chapter 3, the proposed method does not rely on the size of CES.  
Energy losses are a factor influenced most by the storage location. They are proportional to the 
distance of travelling current. Hence, energy losses produced by dispatching CES power at one location 
may not be the same from that at other locations. Although there is an optimal CES size that results in 
the lowest energy loss, the determination of CES sizes based on energy losses alone may not be profitable 
from the utilities’ point of view. As the size of CES is proportional to the overall cost of CES, increasing 
the size leads to an increase in investment costs. While CES located at any point in the system does not 
cause any changes in the cost of storage investment.   
 The determination of CES site for minimizing energy losses is influenced by its penetration level 
involving energies being charged and discharged by the CES and its operational characteristic. The 
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locating issue that considers the influence of these variables is a complex nonlinear problem that may be 
better solved using heuristic approaches. As the proposed formulation provides a simple and general 
analytical approach for CES allocation, the above influences are neglected. It is assumed in the 
formulation that CES charges all the energy produces by PV and discharges all the energy consumed by 
the load. Note that this is not the exact dispatch strategy of CES deployed in this work. The assumption 
is made to simplify the CES allocation problem and provide a general approach to locating a single CES 
unit without any prior knowledge of the size and operational characteristics of CES. 
As in the residential network, most of its buses/feeders are connected to both load and PV 
generation, strategic approach need to be applied to select a single site for CES. It is assumed that the 
residential load demand has a poor match with the PV generation. This is a typical case in the suburbs of 
Queensland, Australia, where high PV penetration exists in most of the residential distribution systems. 
Hence, it is expected that the CES unit will charge during the day when PV units generate their power, 
and it will discharge at night when the load consumption is high. CES charging involved the electricity 
flow from the PV generation to the CES while electricity flow from the CES to the load during 
discharging.  It is known also that the power or energy loss is a function of the travelling power and line 
resistances (distance). Thus, CES unit located at a point, where the sum of all weighted distances (product 
of energy travel during charging and discharging with the distance) is the lowest, may lead to the 
minimum energy loss.   
To obtain this point, the COG theory is adopted in this study. This theory has been used to identify 
a new substation site for minimizing electricity generation and transmission costs [120-121]. COG is the 
location where the sum of all weighted distances is minimum. In the problem formulation, the weighted 
distance is the distance between the COG and the bus, which is multiplied by the total energy required 
by the load and produced by PV at the specific bus. It is reported that ES units located at substation (i.e., 
bus 1) do not reduce energy losses [122]. Hence, the location at substation is not included as a candidate 
location for CES. In addition, the influence of CES charging on the network energy loss is neglected in 
this study as the energy loss due to charging is far less than that caused by discharging. The study [122] 
also showed that any CES unit located closer to the load and PV unit can lead to a lower network loss. 
Therefore in the COG formulation shown by (4.9)-(4.10), the summation of annual energy consumed by 
load and produced by PV is considered. Noted that both energies are in positive values, which means 
that they may not cancelled each other. This approach is utilized to obtain a strategic location for CES 
that minimize the distance of power travelling to both load site (to reduce energy losses during 
discharging) and PV generation site (to reduce energy losses during charging).  
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 Accordingly, given a distribution system integrated with PV units, the strategic location of a CES 
unit (i.e., XCOG and YCOG), which can lead to a lower annual energy loss, can be calculated as follows: 
 , ,
2
1 N
COG i L i PV i
iLtot PVtot
X X E E
E E 
   

    (4.9) 
 , ,
2
1 N
COG i L i PV i
iLtot PVtot
Y Y E E
E E 
   

    (4.10) 
where EL,i is the annual energy required by a load at bus i; EPV,i is the annual energy produced by a PV 
unit at bus i, which can be obtained from the probabilistic model of PV; N is the total number of buses 
in the system; Xi and Yi are respectively the x-axis and y-axis coordinates at bus i. An active bus (to which 
loads are connected) located nearest to the COG’s coordinate is the best location of CES. 
 It is noted that given a distribution system with one lateral only, the value of a line resistance can 
be used to represent the coordinate as it is proportional to the distance. Therefore, only (4.9) is used to 
calculate the COG location, where Xi is a cumulative line resistance from the substation bus to bus i. In 
this case, the strategic location of CES is where the value of the cumulative resistance is calculated closest 
to the XCOG. 
4.4.2 Sizing 
This section presents the probabilistic formulation for CES sizing to achieve a desired annual load 
factor based on a probabilistic load following control method (PLFC). The proposed approach begins by 
incorporating a probabilistic generation-load model in deterministic power flow equations. This is done 
by solving power flow as in (4.11)-(4.12) for every combined generation-load state, s in every season.  
 , , , , , , , , , , , ,
1
cos , ,
N
Gi s t PVs t PVRi Li t i s t j s t ij ij i s t j s t
j
P C P P V V Y i s t  

              (4.11)  
 , , , , , , , , , , ,
1
sin , ,
N
Gi s t Li t i s t j s t ij ij i s t j s t
j
Q Q V V Y i s t  

            (4.12) 
where PG and QG are the generated active and reactive powers, respectively; PL and QL are respectively 
the active and reactive powers of load demand; PPVR is the capacity of PV generation; Y is the line 
admittance;   and   are the voltage and line admittance phase angle, respectively. It is assumed that 
bus 1 is the substation bus as most of the distribution systems have a radial topology. Each time-segment 
(i.e. an hour) has 20 states. Each season has the number of days in the range of 90-92 days depending on 
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a specific reason. Accordingly, the annual demand energy (ED,annual) is estimated as the total demand 
energy considered for all the states over four different seasons of a year, as follows: 
 
       
24 24 24 24
, , , , , , , , , , , , , , , , ,
1 1 1 1 1 1 1 1
90 91 92 92
M M M M
D annual s t w Ds t w s t sp Ds t sp s t su Ds t su s t a Ds t a
t s t s t s t s
E C P C P C P C P   
       
            (4.13)
   
in which PDs,t,w, PDs,t,sp, PDs,t,su and PDs,t,a are respectively the substation demand powers over state s at 
hour t in winter, spring, summer and autumn;      , , , , , ,, ,s t w s t sp s t suC C C    and  , ,s t aC  are the 
probabilities of the related states in winter, spring, summer and autumn, respectively; M is the number 
of states for every time-segment (i.e., 20 in this study). From the estimated annual demand as given in 
(4.13), the annual Load Factor (LF) can be expressed as follows: 
 
,
max24 365
D annual
D
E
LF
P

 
    (4.14) 
 
where maxDP  is the maximum substation demand power of all combined generation-load states throughout 
a year.  
   In this work, CES is modelled to dispatch its active power to flatten the daily demand profile as 
much as possible, using the PLFC method and the computed capacity of CES in Subsection 4.4.2. This 
concept is illustrated in Figure 4.3, where the daily demand profiles in one combined generation-load state 
for the system with and without CES are presented respectively. In this approach, the power loss due to 
CES operation is neglected as this value is insignificant compared to the system power loss. The proposed 
approach also assumes that the total energy charged by CES is equal to the total energy discharged by 
CES in a day. This assumption is made to ensure that CES will have sufficient capacity to operate in the 
next day without violating its maximum depth of discharge. Based on these assumptions, the annual 
demand energy without CES is the same as the value with CES. Thus, the LF after installing CES, LFCES 
is only dependent on the maximum demand power of all combined generation-load states considered for 
the system with CES, max,CESDP . This LFCES can be approximated as follows: 
 
,
, max24 365
D annual
CES
D CES
E
LF
P

 
   (4.15) 
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Figure 4.3. The daily demand profiles for the system with and without CES. 
  The discharging energy by CES over state s, time t over a day representing a particular season (e.g., 
winter) in kWh (EDISs,t,w) needed to obtain a desired annual load factor can be expressed as follows: 
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Substituting max,CESDP  obtained from (4.15) into (4.16), we have: 
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As CES discharging is considered for each combined PV generation-load state (s) within an hour, the total 
discharging energy that considers the probabilities of PV outputs as defined in (4.13) over 20 states within 
each hour in winter can be calculated as 
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The total discharging energy over a 24-hour day in winter can be calculated from (4.18) as 
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 Similar to (4.19), we can estimate the total discharging energies over a 24-hour day in the remaining 
seasons (i.e., spring, summer and autumn). To maximize the usage of installed CES and ensure that its 
estimated capacity is adequate to bring the annual load factor to a desired value, CES discharging is 
considered at its maximum value over a specific season (i.e., winter, spring, summer and autumn). The 
CES capacity (CCES) in kWh is then selected as the maximum CES capacity over all the seasons as follows:  
 
 _1 , _1 , _1 , _1 ,, , ,CES CES day w CES day sp CES day su CES day auC Max E E E E   (4.20) 
 
Accordingly, the CES penetration (NCES) in percent can be expressed as follows: 
 
365
100 CESCES
Ltot
C
N
E

     (4.21) 
 
where _1 ,CES day wE , _1 ,CES day spE , _1 ,CES day suE  and _1 ,CES day auE are the total discharging energies over a 
24-hour day in respective seasons (i.e., winter, spring, summer and autumn); ELtot is the annual load 
demand in kWh. 
  Finally, the rated capacity of CES, CCESR in kWh can be estimated by considering the round-trip 
efficiency (η), the maximum depth of discharge (γ) and the self-discharge rate (κ) of the storage 
technology adopted as follows [94]: 
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  In this approach, CES is designed to level the daily demand out as much as possible at its average 
value. With a particularly high level of CES penetration, the daily demand will be at its average value 
throughout all the days of a particular year. If the daily average demand has the same value throughout a 
year, the annual load factor will reach unity as an ideal load factor. However, the average value of demand 
in one day is not the same as that in other days due to the different load curves recorded in seasons and 
the variation in PV output power every day. One day in a specific year may record the highest average 
demand value than the other days of the year. This scenario can bring the annual load factor to its saturated 
or maximum point. This means that any increment in CES penetration after this point may not further 
increase the annual load factor. The maximum annual load factor for any distribution system using the 
proposed approach can be estimated as follows:  
,
max
, max24 365
D annual
CES
DA CES
E
LF
P

 
   (4.23) 
in which PDA,CESmax is the maximum value of the daily average demand over a year. Finally, by replacing 
LFCES as in (4.17) with LFCESmax obtained from (4.23), the optimal CCES, CCESopt can be estimated using 
(4.17)-(4.20). 
4.4.3 Operational Characteristics 
This section presents a methodology to determine the optimal operational characteristics of CES. 
As stated in the previous section, given the computed capacity of CES, CES’s active power is dispatched 
to flatten the daily demand profile as much as possible, using the Load Following control method. 
Specifically, the developed control mechanism will charge the battery if the total substation power is 
below the charging threshold, Pch and discharge the battery if the total substation power is above the 
discharging threshold, Pdis as illustrated in Figure 4.3. Using this approach, the real power dispatched by 
a CES unit located at bus k over time t, PCESk,t can be calculated as follows [123]: 
 
 ,
0
Dt dis Dt dis
CESk t ch Dt Dt ch
ch Dt dis
P P P P
P P P P P
P P P
   

   
   
    (4.24) 
where PDt is the total active power demand of the substation at hour t; Pdis and Pch are respectively the 
discharging and charging thresholds, which can be obtained from the developed iterative method 
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illustrated in Figure 4.3 and the CCES value is calculated using (4.20). This iterative method (see Figure 
4.4) utilized to identify the values of the above thresholds can be further described below.  
Step 1: Set the initial values of Pdis and Pch as the maximum and minimum substation active powers, 
respectively.  
Step 2: Compute the diurnal charging and discharging energies.  
Step 3: Increase Pch by 0.01 if the difference between the diurnal charging energy and the total capacity 
of CCES is more than 0.1. Meanwhile, decrease Pdis by 0.01 if the difference between the diurnal 
discharging energy and the total capacity of CCES is more than 0.1. 
Step 4: Repeat Steps 2 and 3 until the difference between the amount of the diurnal charging and 
discharging energies and the total capacity of CCES is less than 0.1. 
It is also observed from (4.24) that CES will charge during the off-peak period, normally at a low 
electricity price and discharge during the on-peak period, usually at a high electricity rate. Hence, although 
the proposed approach is not based on the electricity price, we have proven through a financial evaluation 
that the proposed allocation strategy can bring several financial benefits to the utility in terms of reducing 
the energy cost. In addition, other benefits such as peaking generation reductions, network upgrade 
deferrals and reduction of CO2 emission can be obtained from the proposed dispatch strategy [123]. 
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Figure 4.4. Iterative method for determining the charging and discharging thresholds of CES 
[112]. 
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In this work, CES is allowed to dispatch its reactive power, QCES through the capability of inverters 
to ensure that the operating voltage profile is within its limit. This practice is in accordance with the 
recently published standard IEEE 1547 and the newest German and Italian codes as well [125-127]. The 
linear-relationship between the reactive power injection and voltage change can be estimated as follows 
[128]: 
1 11 1 1
1
Q Q N
N QN QNN N
V K K Q
V K K Q
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    (4.25) 
where jV is the voltage magnitude change at bus j; Qi is the reactive power injection at bus i; KQji is the 
scalar value related to jV and Qi; N is the total number of buses in the system. 
The proposed approach begins by observing the system operating voltage after the CES dispatches 
its active power. From this observation, a location (i.e. bus) that recorded the highest voltage violation 
from the upper or lower limit throughout a year is identified. By assuming that the bus with the highest 
voltage violation in the system is bus n and the CES is located at bus k, the value of KQnk,t can be obtained 
using the following procedure: 
1) Inject any amount of reactive power (Qtest) to bus k while no additional amounts of active and reactive 
power are injected to the other buses. 
2) Run load flow over time t to calculate the change in voltages at bus n ( tnVtest , ) due to the reactive 
power injection. 
3) Compute KQnk,t  using the following equation: 
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
      (4.26) 
It is defined that the lower and upper limits of operating voltages are Vlow and Vup respectively, the 
desired voltage magnitude change needed at bus n during hour t ( tnV , ) can be written as follows:  
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where Vn,t is the operating voltage of bus n during t hour. From (4.25)-(4.27), the reactive power 
dispatched by a single CES unit, which is located at bus k during period t (QCESk,t) needed to achieve 
tnV ,  can be estimated as follows:   
,n t
CESk,t
Qnk,t
V
Q
K

     (4.28) 
where positive QCESk,t represents the reactive power discharged by the CES unit while its negative value 
refers to as the reactive power charged by the CES unit.   
4.5  Numerical Results 
4.5.1 Test Systems 
The proposed methodology has been applied to a 19-bus radial distribution network with a peak load 
of 3494 kW and 1729.7 kVAr (see Figure 4.5). The load data of this network can be found in Appendix. 
The annual energy demand is 14.75 GWh, which was estimated based on the normalized residential load 
curve depicted in Figure 4.1 [118]. Lithium-ion battery-based CES is considered in this work due to its 
maturity for small-scale grid-connected applications and high efficiency. For this battery, the round-trip 
efficiency (η), the maximum depth of discharge (γ) and the self-discharge rate (κ) are 0.9, 0.9 and 0.1, 
respectively [35]. For financial evaluation on the proposed allocation strategy, historical hourly electricity 
price provided by the Australian energy market operator (AEMO), specifically for Queensland, Australia 
in the year 2015 is utilized [129]. The electricity price of a day from every season as shown in Figure 4.6 
is selected to represent the electricity price for all days in that particular season. The proposed approach 
has been developed and simulated in MATLAB. To validate the effectiveness of the results achieved from 
the proposed method, this study considers a sufficient number of simulation results for relevant scenarios 
as listed below. Specifically, the results yielded by the proposed method are compared with the results 
produced by the exhaustive load flow (ELF) as an exact solution [130-131]. 
Scenario 1: 5% penetration of distributed PV. 
Scenario 2: 25% penetration of distributed PV. 
Scenario 3: 50% penetration of distributed PV. 
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Figure 4.5. 19-bus radial distribution system. 
 
 
Figure 4.1. Hourly electricity price.   
4.5.2 PV Model 
This section presents the PV model developed using the proposed method in Subsection 4.3.2. The 
PV model is then used to identify the size of CES for load factor enhancement. The study employs the 
historical data of hourly solar irradiance over 3 years (e.g. 2010, 2011 and 2012), which are available in 
GridLAB-D [108]. Based on the values of solar irradiance, PV units are modeled in GridLAB-D to 
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compute their outputs over the 3-year period. From these PV output data, the probabilistic model of PV 
outputs is developed using MATLAB. Figure 4.7 illustrates the PDFs at hours 10, 13 and 17 during the 
summer. It can be seen from the figure that different periods have different PDFs as the PV output is 
time and weather-dependent. For instance, during hour 10, the curve of PDF is skewed to the left where 
high probability of PV output in the range between 0.15p.u and 0.55p.u is observed. Conversely, at hour 
13, the PDF is skewed to the right where high probability of PV output in the range between 0.4p.u and 
0.95p.u is recorded. This scenario maybe due to the sunny weather and high solar irradiance at this period. 
The normalized expected PV output over a 24-h period day in the four different seasons is plotted in 
Figure 4.8. It is observed in Figure 4.8 that the highest expected PV output for all seasons occurred during 
hour 13. Meanwhile, the summer season recorded the utmost diurnal energy produced by PV, followed 
by spring and winter. 
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Figure 4.2. PDFs for the PV output at hours 10, 13 and 17. 
 
Figure 4.3. Hourly expected PV output. 
In order to check the accuracy of the developed PV model, the annual load factor for the 19-bus 
system is computed using three different approaches: probabilistic, traditional and actual (or exhaustive 
power flow). The probabilistic method is conducted based on the proposed approach described in 
Subsection 4.4.1. The traditional approach is carried out using the average value of PV outputs over a 
specific hour to estimate the annual load factor. The load factors, which are calculated using the 
probabilistic and traditional approaches, are compared to the actual load factor obtained from the ELF 
solution for a particular year (i.e., year 2010). Figure 4.9 shows the load factors for the test system with 
different levels of PV penetration. It is assumed that the PV penetration is increased from 0% until 50% 
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with a step of 5%.  As shown in Figure 4.9, regardless of the approaches used to calculate the annual load 
factor, there is a gradual reduction in the load factor value as more PV generation is penetrated in the 
system. This is due to the fact that the increment in the PV penetration leads to a reduction in the total 
annual energy demand as some of loads are met by the PV generation during the day. Furthermore, the 
peak demand which usually occurs during the evening is not much affected by the increment of PV 
generation, which also contributes to the reduction in the load factor value. In addition, it can be seen from 
Figure 4.9 that the traditional approach overestimates the load factor. In contrast, the load factor curve 
obtained using the probabilistic approach is in good agreement with the result using the ELF solution. 
 
 
Figure 4.4. The load factors with respect to various PV penetration levels in the 19-bus test 
system. 
4.5.3 CES Location 
  Table 4.2 summarizes the results of CES placement in the 19-bus system for all the scenarios listed 
in Subsection 4.4.1 using the proposed COG method. In order to validate the effectiveness of COG, the 
ELF solution is employed in this study. The average value of the annual energy loss reduction that 
considers different levels of CES penetration (ELRavg) is estimated as follows: 
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where H is the total level of CES penetration; EL is the annual energy loss without CES; ELCES,h is the 
annual energy loss when the system is subjected to the h level of CES penetration. In this investigation, 
the annual energy loss reduction is estimated in the 19-bus test systems with 12 levels of CES penetration, 
which are in the range of 0 to 48% with a step of 4%. This means that the first level of CES penetration 
is 0%, the second level is 4% and so on. Figure 4.10 shows the values of ELRavg in the system for all the 
scenarios calculated using (4.29). 
  As shown in Table 4.2, the optimal location of CES obtained using the proposed COG method is at 
bus 8 for all scenarios. This outcome is in good agreement with the result obtained using the ELF solution 
in Figure 4.10, where the annual energy loss reduction is highest when the CES is located at bus 8, for all 
the scenarios. The findings indicate that the penetration and location of PV units insignificantly influence 
the CES location for minimizing energy losses. This is due to the PV unit is distributed at most of the 
buses in the system. In addition, the load values have a higher impact on the location of CES than 
distributed PV units in a distribution system.  With respect to the level of PV penetration in the system, it 
is shown in Figure 4.10 that the highest average annual loss reduction is recorded when the level of PV 
penetration is 50%, followed by 25% and 5%. Furthermore, the change of average annual loss increases 
as the level of PV penetration raises. Another observation from Figure 4.10 is locating CES at bus 13 and 
14 for all the considered scenarios may increase the annual energy losses and might not be profitable in 
economic point of view. 
  
Table 4.2. Results of the CES allocation using the proposed COG method in the 19-bus system. 
Scenario XCOG (km) YCOG (km) COG location (bus) 
1 24.35 15.31 8 
2 24.24 15.31 8 
3 24.01 14.93 8  
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Figure 4.5. Average annual energy loss reductions in the 19-bus system. 
 
4.5.4 CES Sizing 
  This section discusses the numerical results of CES sizing for load factor improvement using the 
proposed probabilistic load following control (PLFC) method presented in Subsection 4.4.2. In this 
analysis, the desired load factor is pre-specified, in the range of the base case to maximum values for every 
scenario, which are respectively defined as from the annual load factor of the system without CES to the 
maximum load factor with CES computed using (4.23). At each desired load factor, the minimum CES 
penetration needed is calculated using (4.17)-(4.21). In order to check the accuracy of the proposed 
strategy, the actual annual load factor of the test system with the computed CES size is obtained using the 
ELF. This estimated actual load factor is then compared with the desired load factor value. In addition, 
the CES penetration is increased higher than the maximum level. The actual load factor is also calculated 
to validate the proposed formula in terms of the maximum load factor. Figure 4.11 presents the simulation 
results for the 19-bus test system.  
  Firstly, it is observed from Figure 4.11 that for all the scenarios, the proposed probabilistic approach 
is able to determine the minimum penetration of CES to achieve a desired load factor. For instance, to 
enhance the annual load factor in Scenario 1 to 0.7, a CES penetration level of almost 18% is added in the 
system. It is also shown from the figure that within the range of the base case to maximum values, the 
annual load factor of the system has a linear trend with the CES penetration. This means that in order to 
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enhance the annual load factor, more CES penetration is needed in the system. However, after the 
maximum point, an addition to the CES penetration cannot further improve the annual load factor. It is 
interesting to note that although the maximum load factor for the scenarios is varied (i.e., 0.76, 0.61 and 
0.42 for Scenarios 1-3, respectively), the optimal CES penetration needed to achieve the maximum load 
factors for all the scenarios are almost the same, at about 22%. This finding reveals that the level of PV 
penetration does not affect the optimal size of CES to obtain the maximum annual load factor.  
  Secondly, it is observed from Figure 4.11 that the scenario with higher PV penetration requires larger 
CES capacity to achieve the same desired load factor than the scenario with low PV penetration. For 
instance, to achieve the desired load factor of 0.5, Scenario 2 needs a CES penetration of almost 13% 
while Scenario 1 only requires 2%. This finding shows that larger capacity of the CES is required to 
improve the load factor to a specific desired value when a distribution system accommodates higher PV 
penetration.   
  Finally, a comparison between the desired and actual load factors is respectively made using the 
PLFC and ELF methods, considering the computed CES penetration. This comparison shows that the 
proposed PLFC method can effectively estimate the minimum size of CES to achieve a desired annual 
load factor, as shown in Figure 4.11. Particularly, in Scenario 1, both the PLFC and ELF methods produce 
almost similar load factors at each level of CES penetration. Meanwhile, for Scenarios 2 and 3, at each 
CES size considered, the PLFC method generates a slightly higher load factor than the ELF solution, at a 
difference from 2% to 11%. This difference is because the PV penetration levels in Scenarios 2 and 3 are 
higher than those in Scenario 1, at 25% and 50% respectively. In other words, the more the PV generation 
is penetrated in the system, the more the estimated errors occur. 
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Figure 4.6. Results of CES sizing for load factor improvement in the 19-bus test system. 
4.5.5 Operational Characteristic of CES 
This section presents the results of the operational characteristic of CES proposed in this chapter, 
where the active power of CES is dispatched to flatten the daily demand profile and its reactive power is 
utilized to improve the voltage profile. The proposed operational characteristic of CES is simulated in the 
19-bus test system for Scenario 1 over a year. The CES is located at bus 8. It is assumed that the voltage 
lower and upper limits in the system are 0.95 and 1.05 p.u., respectively. The active power of the CES is 
determined based on its penetration, which was already computed in Subsection 4.5.4. Three different 
cases are considered. The first case is the system without CES, while the second and third cases represent 
the system with CES to achieve an annual load factor of 0.7 and a maximum load factor, respectively. 
Figures 4.12(a) and 4.12(b) illustrate the impact of CES’s active power dispatch on the substation’s power 
over a day and a year in the test system for all the cases, respectively.  
As shown in Figures 4.12(a) and 4.12(b), the deployment of CES using the proposed method makes 
the demand profile significantly flatter than that without CES. As the desired annual load factor is 
increased to its maximum value, the daily demand profile became almost flat, at its average value, as 
depicted in Figure 4.12(a). Meanwhile, it can be seen from Figure 4.12(b) that the active power dispatched 
by CES based on the proposed method reduces the peak demand in the second and third cases to almost 
37% and 41% from the base case without CES, respectively. Figure 4.12(b) also shows that the overall 
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demand profile with CES during the summer (i.e. from hour 4381 to 6425) is higher than that in the other 
seasons.  
 
 
(a) 
 
(b) 
Figure 4.7. The impact of CES’ active power dispatch on the substation’s power in the 19-bus test 
system for all the cases in Scenario 1: (a) a day and (b) a year. 
  
With respect to the reactive power dispatched by the CES, Figure 4.13(a) shows the voltage profiles 
at the location with the highest voltage violation (i.e. bus 13) over a 24-h day during the summer in 
Scenario 1 with and without CES. Meanwhile, Figure 4.13(b) shows the active and reactive power 
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dispatched by the CES in the system at the same day. For the case with CES, the power factors of the CES 
are set to be unity and optimally dispatched for each period using the proposed method. As shown in 
Figure 4.13(a), the voltage profiles for the case with CES deployment improve when compared to that 
without CES. It is also observed from Figure 4.13(a) that the CES with optimal power factor dispatch can 
significantly improve the voltage profile within the desired limit when compared to that with unity power 
factor. Particularly, the CES with unity power factor improves the bus voltage at hour 19 to 0.937 from 
0.918 (the base case without CES). However, this value is still below the acceptable limit. In contrast, 
using the optimal power factor dispatch, the CES provides almost 900 kVar of reactive power to the 
system to bring the voltage to the desired limit at 0.95 during the peak demand period, as shown in Figures 
4.13(a)-(b). Figure 4.14 illustrates the distribution of the operating voltage over a year. It is shown from 
this figure that the system operating voltages over a year are distributed within the acceptable limits when 
the CES operates at its optimal power factor.  
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(a) 
 
(b) 
Figure 4.8. The operational profile of CES in the 19-bus system with 5% PV penetration: (a) 
voltage profiles at bus 13 and (b) active and reactive power dispatched by CES. 
  
0.89
0.9
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
O
p
e
ra
ti
n
g
 v
o
lt
a
ge
 (
p
.u
)
Time (Hour)
No CES
CES, Unity PF
CES, Optimal PF
-1000
-500
0
500
1000
1500
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
C
ES
 p
o
w
er
s
Time (Hour)
CES active power (MW)
CES reactive power (Mvar)
 89 
 
Figure 4.9. The system operating voltage distribution in the 19-bus system. 
4.5.6 Economic Evaluation 
This section presents an evaluation of the financial benefits gained from the proposed CES allocation 
strategy.  All the scenarios are simulated for a year to achieve predefined annual load factors. The lower 
and upper voltage limits are set at respective 0.95 and 1.05 p.u. Table 4.3 depicts the rated size and location 
of the CES computed from the proposed method, the annual cost of energy and energy losses, and the 
saved cost of VAR support in the test system with and without CES.  
For Scenario 1, it is shown from Table 4.3 that to increase the annual load factor to 0.7 and its 
maximum value, the capacity of CES is rated at 8.85 MWh and 11.12 MWh, respectively. This size is 
calculated using (22) after considering the round-trip efficiency (η), the maximum depth of discharge (γ) 
and the self-discharge rate (κ) of Li-on battery. As shown in the table, the proper location of CES for all 
the scenarios based on the proposed COG method is bus 8. The deployment of CES in Scenario 1 to 
achieve a desired load factor of 0.7 reduces the annual cost of energy and energy losses by 9.21% and 
23.6%, respectively from the base case value without CES, and increases the saved cost of VAR support 
to 440 AUD. Meanwhile, for the case with a maximum desired load factor, the annual costs of energy and 
energy losses lower to 11.1% and 24.21% from the base case value. However, the saved cost of VAR 
support for this case is lower than that for the case with a load factor of 0.7. This is due to that the high 
penetration of CES’s active power contributes to the improved voltage profile, thereby requiring less 
reactive power dispatch in this case.  
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For Scenario 2, it can be found from Table 4.3 that the CES allocated in the system at a load factor 
of 0.5 reduces the annual cost of purchased energy from the grid due to energy loss reduction by 4.81% 
and 22.19%, respectively compared to the system without CES. These figures slightly increase to 5.64% 
and 22.2% for the case with a maximum load factor. In addition, the utility can avoid an annual cost of 
189 AUD and 95 AUD for VAr support to prevent the voltage violation in the case with 0.5 and maximum 
load factors for Scenario 2, respectively. A similar trend can be found for Scenario 3 (see Table 3) with 
the exception that the annual cost of energy for the case with the maximum load factor is 0.4% lower than 
that for the case with a load factor of 0.35. Another observation from Table 4.3 is that as the penetration 
of PV is increased, there is a reduction in the financial benefits gained from the saved annual cost of 
energy from the deployment of CES. This is because the increment in PV alone leads to reductions in the 
cost of energy in Scenarios 2 and 3, thus having less impact on the cost of purchased energy from the grid. 
In contrast, the highest reductions in the annual cost of energy losses are observed in Scenario 3, at 34.46% 
and 36.88% for the cases with 0.35 and maximum load factors, respectively. In addition, it is shown from 
Table 4.3 that the annual saved cost of VAr support decreases with respect to the increment of PV. This 
is due to fewer voltage violations recorded when more PV is penetrated in the system as some of the 
demand are met by the PV generation. 
 
Table 4.3 Financial benefits from the proposed CES allocation strategy. 
Scenarios Case 
Annual 
desired 
load 
factor 
Location 
of CES 
(bus) 
Rated 
size of 
CES 
(MWh) 
Annual 
cost of 
energy 
(AUD) 
Annual 
saved cost 
of energy 
(%) 
Annual cost 
of energy 
loss 
(AUD) 
Annual 
saved cost 
of energy 
loss (%) 
Annual saved 
cost of  VAr 
support 
(AUD) 
1 
No 
CES 
NA NA 0.00 852360 0.00 26954 0.00 0 
With 
CES 
0.7 8 8.85 773890 9.21 20594 23.60 440 
0.76 
(max.) 
8 11.12 757750 11.10 20429 24.21 296 
2 
No 
CES 
NA NA 0.00 632260 0.00 20236 0.00 0 
With 
CES 
0.5 8 6.67 601830 4.81 15745 22.19 189 
0.59 
(max.) 
8 11.12 596620 5.64 15744 22.20 95 
3 
No 
CES 
NA NA 0.00 366440 0.00 21133 0.00 0 
With 
CES 
0.35 8 8.79 357600 2.41 13851 34.46 136 
0.38 
(max.) 
8 11.12 359000 2.03 0.228 36.88 51 
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4.6 Summary  
 This chapter proposed a new analytical framework for CES integration in residential distribution 
system with PV units. In this framework, three approaches have been developed to address three 
important planning aspects of CES integration to enhance network performances, respectively. The three 
planning aspects are location, capacity and optimal operating power factor of CES. Firstly, a simple 
approach is derived from a COG theory to determine the location of CES for reducing the annual energy 
loss. Secondly, a load following control method is presented to identify the rated capacity of CES for 
achieving the desired annual load factor. Finally, the active and reactive power dispatched strategy of 
CES is developed for flattening the daily demand profile and improving the voltage profile. Moreover, a 
probabilistic method, which is simple and requires less input data and calculation, is presented to model 
the uncertainty of PV generation in an existing residential system. The effectiveness of the proposed 
framework was validated on the 19-bus test system. However, as the presented strategies in the 
framework are based on simple analytical approach, this framework is also applicable to a large 
distribution system. The numerical results show that the proposed allocation framework can provide an 
effective solution in determining the parameters of CES integration to improve the system load factor to 
a desired value while reducing the energy loss and enhancing the voltage profile significantly. In addition, 
the system with CES deployment based on the presented framework offers significant reduction in the 
annual cost of buying energy from the grid and the annual cost of energy losses and also saved the cost 
of VAr support in the test system. 
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CHAPTER 5  
MULTIPLE-CES PLANNING 
 
5.1 Nomenclature 
A) Indices 
i, j, k   Index of buses 
n  Index of planning period in year 
s  Index of combined generation-load states 
t  Index of time in hour 
 
B) Parameters and variables 
APG   Annual average peaking power generation from CES 
AB   Present value of profit from energy arbitrage  
CCES   Present value of CES’s capital cost 
Cch     Standard coal consumption rate of the generation plants during routine period 
CCO2   Cost of reducing CO2 emissions 
CE   Capital energy cost of CES 
CkVAR   Reactive power payment 
CM   Annual operation and maintenance costs of CES   
CP  Capital cost of power conversion system (PCS) for CES 
Cps   Standard coal consumption rate of the generation plants for peak shaving  
CR     Replacement cost of CES 
CT&D   Average investment cost for each additional MW of distribution assets 
CFn   Actual cash flow at period n 
CS   Coal savings from using CES 
DCCF  Discounted cumulative cash flow 
ECESR  Rated energy of CES unit 
ECESi,t  Energy variation of a CES unit located at bus i over time t  
Echa   Total amount of energy charged by CES    
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Edis  Total amount of energy discharged by CES  
 
EL   Total annual amounts of energy consumed by the loads 
Eprice,t    Hourly market energy price 
EPV   Total annual amounts of energy produced by the PV units  
F     Inflation rates 
fr   Fixed charge of rate for converting the investment cost to annuitized costs 
FR   Future value of replacement cost 
IR   Interest rate  
IR’   Effective interest rate 
KQkj  Scalar value related to kV and Qj 
LCES   Location of the CES unit  
LCT   Levelized annual cost of gas combustion turbines 
LR   Present value of profit from energy loss reduction  
MCESi  The candidate capacity of CES at bus i 
N  Total number of buses of the system 
Nc  Total number of CES units in the system 
NPV   Total annual PV penetration 
Nyr   Planning horizon 
OM  Present value of CES’s operation and maintenance costs 
PCESi,t  Active power dispatched by CES located at bus i and time t 
PCESt   Total active power dispatched by CES at every hour 
PCESR   Rated power of CES unit 
Pcha  Charge Threshold 
Pdis  Discharge Threshold 
PDt   Substation real demand power at hour t 
Ploss,s,t   Power losses in the system with CES deployment 
Ploss0,s,t  Power losses in the system without CES deployment  
PG   Present value of profit from CES’s peaking power generation 
QCES    Reactive power dispatched by CES unit 
QCES0j,s,t  Reactive power dispatched by CES required to achieve the tskV ,,   
Qtest   Any amount of reactive power for sampling 
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r   Replacement period in year    
REC     Present value of profit from reduction in CO2 emission 
RSB   Present value of profit from reactive power support 
SCESR   Rated size of CES’s inverter  
T   The last period with a negative discounted cumulative cash flow, DCCF   
Tyr    The last year in the planning horizon that the T&D system upgrade project can be deferred 
by CES deployment 
TDB   Present value of profit from T&D system upgrade deferral  
 x   Vector of the control variables  
UP   T&D system upgrade capacity in MW 
Vk,s,t   Operating voltage at bus k 
Vlow   Lower limit of the operating voltages   
Vup   Upper limit of the operating voltages  
ΔVk,s,t    Desired changes in voltage magnitude needed to improve the voltage profile 
ΔVcor,k,s,t  Correction in ΔV 
ΔVtest,k,s,t   Change in voltage at bus k due to the injected Qtest   
ρ   Probability of the combined load-generation state 
η   Efficiency of the storage technology   
γ   Maximum depth of discharge of the storage technology  
κ    Self-discharge rate of the storage technology 
 
5.2 Introduction 
In recent decades, several revolutionary developments in power distribution systems have taken 
place around the world. One of them is minimizing the carbon footprint through large-scale integration 
of renewable energy such as wind, biomass and solar resources. Recently, 175 countries all over the 
world have signed onto a global agreement to significantly reduce carbon emissions in the face of the 
climate change threat [1]. This agreement may lead to the booming deployment of renewable energy for 
replacing the fossil fuel-based energy. Although renewable energy resources have a huge potential to 
reduce carbon emissions, a few of them are highly intermittent. Particularly, solar energy is only available 
during the day and its output power is heavily depending on solar irradiance, cloud, temperature, etc.  
ES is regarded as one of the key solutions to facilitating seamless integration of intermittent 
renewable energy. It can also be used to deliver smarter and more dynamic energy services in terms of 
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managing energy for the electricity cost reduction, reliability enhancement, peak demand reduction and 
etc. [8],  [68], [91], [132]. However, the cost of ES, particularly battery is a major obstacle to its adoption 
[87]. It is also revealed that the current deployment of ES is still uneconomic as the overall installation 
cost of ES is higher than the total benefit obtained from its deployment [56], [93]. It is expected that if 
all ES benefits and its cost reduction in the future are considered in the analysis, ES will be a profitable 
solution [76]. In addition, the successful deployment of ES would rely heavily on planning strategies, 
where the location, size and operational characteristics of ES should be considered to bring maximum 
techno-economic benefits to utilities and consumers. 
This chapter proposes a comprehensive methodology to determine the optimal site, capacity and 
operational characteristics of multiple CES allocation by considering all possible benefits and costs 
incurred. The benefits are obtained from energy arbitrage, peaking power generation, energy loss 
reduction, system upgrade deferral, a reduction in CO2 emission and VAr support. In order to achieve 
this, a cost-benefit analysis is conducted to identify the optimal net present value (NPV), discounted 
payback period (DPP) and benefit to cost ratio (BCR) of CES deployment. An optimal power factor 
approach is also proposed to dispatch the active and reactive power sizes of CES units to enhance load 
factors and voltage profiles. This chapter also provides a quantitative analysis on the effect of increasing 
the number of CES units in the system, CES’s price reduction, PV penetration and load models on CES 
planning.     
5.3 CES Benefits 
CES has a capability to trim the peak load by storing energy during the off-peak period and 
releasing the stored energy back to the grid during the peak time. This application will be the main aim 
of CES operation in this work. By applying CES for this purpose, demand profiles can be levelled and 
load factors can be improved. However, the economic feasibility of CES application should be justified 
by considering all associated investment costs and other benefits. Possible benefits that can be achieved 
from shaving the load demand using CES are listed as follows: 
 Peaking power generation - a reduction in gas combustion turbine plant costs due to the unleashed 
power from CES, during the peak load period for generating the same amount of peaking power 
[78], [98].  
 Energy arbitrage - the direct benefit from buying energy with a lower price during the off-peak 
period and selling the stored energy back with a high price at the peak time [133]. 
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 Energy loss reduction - a reduction in the peak demand due to CES discharging some power to the 
grid that may reduce energy losses [133]. 
 Transmission and distribution (T&D) system upgrade deferral - which is defined as the annual 
cost that is avoided if a given T&D system upgrade project is deferred. For utilities, that amount is 
the annual revenue, which must be collected from utility ratepayers to cover the single-year cost 
[133]. 
 Reduction in CO2 emission - peak electricity demand shaving by CES can reduce the CO2 emissions 
from coal-fired power plants [94].  
 Reactive power (VAr) support – that is used to maintain the voltage levels on the distribution and 
transmission system [134]. 
In order to capture all the above benefits, a planning methodology is developed in the next section.  
5.4 Load and PV Modelling 
The load model is assumed to follow the model utilized in Chapter 4. The uncertainty of PV output 
power is modelled as multi-state variables in the planning formulation. This is done by first calculating 
the Beta PDF of solar irradiance based on historical data [53], [117-118]. From the collected historical 
data, the mean and standard deviation of hourly solar irradiance is computed. For simplicity, the mean 
and standard deviation of hourly solar irradiance found in [117] are employed to model PV generation 
in this chapter. To estimate the PDF, a day representing four seasons in a year is divided into 24 time-
segments, each of which is an hour and possesses its own pdf of solar irradiance. Hence, there are 96 
time-segments over a year considered in this research. It is assumed in this work that each hour has 20 
states of solar irradiance with an interval of 0.05 kW/m2, each of which is within a specific limit. From 
the calculated mean and standard deviation, the PDF of solar irradiance is generated for each hour of the 
day and the probability of each solar irradiance state is determined. Accordingly, the PV output power is 
obtained for that hour. Finally, the combined PV generation-load model [117] is employed to incorporate 
the PV output powers as multi-state variables in the problem formulation. As the load demand is constant 
during each hour, the probability for each load demand state is unity. Therefore, based on the convolution 
approach [119], the probability of any combination of the PV generation and load is the probability of 
the PV generation itself. 
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5.5 Proposed Planning Strategy 
5.5.1 Overview 
This section describes problem formulation and the proposed methodology for CES planning. The 
aim of the problem formulation is to optimally site and size multiple CES units in a system with 
distributed PV generation.  Maximizing the total NPV obtained from CES deployment over a specified 
planning horizon is considered for finding the optimal planning parameters. In the procedure of the 
proposed methodology, the inputs include distribution system data, the probabilistic generation model of 
PV, costs associated with CES deployment and the number of CES units. The decision variables used in 
the procedure are the optimal location and size of CES units in kWh. The genetic algorithm (GA) toolbox 
in MATLAB is used to solve the optimization problem. GA algorithm has been widely used in ES and 
DG planning due to its robustness, high performance in terms of solution accuracy and execution time 
compared to other meta-heuristic approach [32], [51], [54]. Besides, review shows that this evolutionary 
optimization algorithm can solve constrained optimization problem with integer variables, which is 
crucial in this planning process.   
Figure 5.1 briefly illustrates the procedure of the proposed methodology for CES planning. At the 
beginning of the procedure, GA generates an initial population. The GA individuals for each system are 
characterized by a vector of the location and pre-assigned size of CES units, which are integer and 
continuous variables, respectively. The size of the vector is twice the number of CES units deployed in 
the system. The vector of the control variables for a system with Nc number of CES units can be 
expressed as follows: 
x = [LCES1 LCES2 … LCESNc      MCESLCES1  MCESLCES2 … MCESLCESNc]     (5.1) 
where LCES and MCES are respectively the location and pre-assigned size of CES unit. Based on the initial 
population, the active and reactive power dispatched by CES units (i.e., PCES and QCES, respectively) are 
determined using iterative and analytical methods. The rated power and energy of CES units (i.e., PCESR 
and ECESR, respectively) and CES’s inverter size (SCESR) are calculated based on the computed values 
PCES and QCES, the technical characteristics of adopted CES technology and MCES. Finally, a cost-benefit 
analysis is conducted and the objective function is evaluated until the desired stopping criteria is met. 
The detailed steps and their related mathematical formulations are elaborated in the next subsections. 
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Figure 5.1. Flowchart of the proposed methodology. 
5.5.2 CES Operational Characteristics 
A CES unit is assumed to be connected to an AC system via bidirectional DC/AC converters that 
can operate in all four quadrants [32]. As shown in Figure 5.1, PCES at bus i (PCESi) is computed with an 
objective of flattening the substation power profile as much as possible based on the candidate capacity 
of CES at bus i, MCESi. For this purpose, “Load Following” control method as described in Subsection 
4.4.3 is deployed to charge CES during the off-peak period and discharge during the peak period. 
However, for this work, CCES in Subsection 4.4.3 is equal to the value of MCES.   
Using the values of Pdis and Pcha obtained from the iterative method, total active power dispatched 
by CES at every hour, PCESt can be computed as follows: 
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where PDt is the substation real demand power at hour t. This study considers that the demand profiles at 
all sites in residential area have an almost identical pattern. Therefore, PCES at bus i and time t ( ,CESi tP ) can 
be obtained from (5.2) as follows:  



N
i
CESi
CESi
CESttCESi
M
M
PP
1
,       (5.3)                
where positive PCESi,t  represents the power discharged by the CES while its negative value corresponds 
to the power consumed by the CES; N is the total number of buses of the system. It is observed from 
(5.3) that the total active power dispatched by CES over time t (PCESt) is distributed among CES units in 
the system as in (5.3) where the active power dispatched by CES at bus i during time t (PCESi,t) is 
proportional to the candidate capacity of CES at bus i (MCESi). From (5.3), the energy variation of a CES 
unit located at bus i over time t (ECESi,t) can be formulated as follows:    
tPEE tCESitCESitCESi   ,1,,                                              (5.4) 
With respect to the reactive power dispatch by CES, the same motivation and basic principle as that 
in Chapter 4 is utilized in this work. The motivation is that CES is allowed to dispatch the reactive power, 
QCES through the inverter capability to ensure that the voltage profile is within its limit.  Meanwhile, 
linear-relationship between the reactive power injection and voltage change is the basic principle behind 
the proposed approach in Chapter 4 [128]. However, a modification has been made to the methodology 
of computing QCES in this work to increase its effectiveness in improving the voltage profile. The 
computational procedure to dispatch QCES is detailed as follows: 
Step 1:  Conduct load flow for the system with the computed PCES in (5.3) while QCES = 0.  
Step 2:  Observe the system operating voltage, V and identify the worst bus (i.e. the bus that has the 
highest voltage violation from the upper or lower voltage limit) at every state. 
Step 3: Identify the value of KQkj using the following steps, where it is assumed that the worst bus at 
state s and time t is bus k and CES is located at bus j. 
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a) Inject any amount of reactive power (Qtest ) to bus j while no additional active and reactive  
 powers are injected to the other buses.  
b) Run the load flow and compute the change in voltage at bus k due to the injected Qtest (i.e.,  
 ΔVtest,k,s,t).  
c) Calculate the value of KQkj at every state using the following equation: 
test,k,s,t
Qkj,s,t
test
V
K
Q

                    (5.5)  
Step 4:  Estimate the desired changes in voltage magnitude needed to improve the voltage profile at bus 
k during state s and hour t, k,s,tV  using (5.6), given the lower and upper limits of operating 
voltages are given as Vlow and Vup, respectively. 
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Step 5:  Calculate the reactive power dispatched by CES (QCES0j,s,t) to achieve tskV ,,  using (5.7). In 
order to cater for the worst condition, the highest QCES0j,s,t computed over all states is selected 
to represent the QCES0j,t  as in (5.8).  
tQkj,s
tsk
tj,sCES
K
V
Q
,
,,
,0

                                  (5.7)                       
 tsjCEStjCES QQ ,,0,0 max                   (5.8) 
Step 6:  Repeat Steps (3) – (5) for multiple CES deployment to identify QCES0t for each CES unit. A CES  
  unit that has the lowest QCES0 over time t is then selected to dispatch its reactive power to the  
 system.  
Step 7:  Inject QCES0 and run load flow. Calculate the correction in ΔV, ΔVcor,k,s,t using (5.6) except that 
Vk,s,t is the operating voltage at the worst bus after the system being subjected to the computed 
QCES0. 
Step 8: Calculate the QCES using the following equations, where positive QCES represents the discharged 
reactive power while its negative value refers to reactive power absorbed by the CES. 
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It is worth stating that in the proposed strategy, only one CES unit operates at optimal power factor while 
other units work at unity power factor over a specific time, t. This approach is adopted for multiple CES 
planning to minimize the capital cost of CES by minimizing the size of CES’s inverters. As the CES’s 
inverter size is considered as a function of the maximum QCES over time, selecting CES unit that dispatches 
the lowest QCES may result in the minimum size of CES’s inverters. In addition, ΔVcor is introduced in 
(5.9) to compensate for the loss of the reactive power while it travels from the location of CES to the worst 
bus. This loss occurs due to the value of line reactance between the location of CES and the worst bus.   
5.5.3 Problem Formulation 
This planning exercise is formulated as a nonlinear mixed integer problem that has a combined 
objective function of maximizing the total NPV obtained from CES deployment as follows:    
OMCRECTDBLRABPGF CESobj                (5.11) 
The objective function is the total profit obtained from CES deployment subtracts the total cost of CES. 
PG, AB, LR, TDB and REC in (5.11) are the present values that benefit from the CES’s peaking power 
generation, energy arbitrage, energy loss reduction, T&D system upgrade deferral and a reduction in CO2 
emission, respectively. Meanwhile, the investment cost of CES includes the capital cost, CCES and the 
operation and maintenance costs, OM. All the formulation and description of the benefits and costs 
considered in the objective function are further explained in Subsections 5.5.3.1 – 5.5.3.7. The objective 
function in (5.11) is maximized subjected to several constraints, which are the power balance that 
considers the real and reactive power dispatched by CES and the feeder capacity limit. In addition, the 
following constraint related to the capacity of CES is also included in the analysis [118].                                                                                                                
     22,
2
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5.5.3.1 Peaking Power Generation  
 
CES offsets the need for additional peaking generation capacity by discharging the same amount 
of peaking power. This scenario would reduce the operation cost of gas combustion turbine plants. The 
cost reduction can be converted into the economic benefit of deploying CES. Its present value over the 
planning horizon is calculated as follows: 
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 IR’, IR and F are the effective interest, interest and inflation rates, respectively; APG is the annual average 
peaking power generation from CES; LCT is the levelized annual cost of gas combustion turbines. 
5.5.3.2 Energy Arbitrage 
As the dispatch strategy considered in this work is charging the CES during the off-peak period and 
discharging during the peak period, some profit can be obtained through energy arbitrage. This profit 
involves purchasing inexpensive energy from the wholesale electric energy market for storage charging 
during off-peak period so that the stored energy can be sold at a later time when the price is high during 
peak period. Therefore, the daily profit obtained from energy arbitrage is a product of diurnal CES’s 
dispatched energy and electricity prices. The present value for energy arbitrage over a Nyr planning 
horizon, where Eprice,t is the hourly market energy price, can be expressed as follows:   
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5.5.3.3 Energy Loss Reduction 
The discharging process during the peak period would result in a reduction in demand power as 
CES injects its power to the main grid. This scenario can lead to a reduction in energy losses. The 
economic benefit from this reduction can be obtained by multiplying the reduction of energy losses due 
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to deploying CES in the system by the electricity price. Thus, the present value of this profit can be 
computed as follows:  
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in which Ploss,s,t and Ploss0,s,t are the power losses in the system with and without CES deployment, 
respectively; ρ is the probability of the combined load-generation state.  
5.5.3.4 T&D System Upgrade Deferral 
Discharging CES during the peak period would delay the T&D system upgrade. The financial 
benefit from T&D system upgrade deferral is the annual avoided cost (the annual cost required to upgrade 
the T&D system) for the year(s) that the upgrade is deferred. Present value from T&D system upgrade 
deferral benefit can be estimated as follows:  
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where CT&D is the average investment cost for each additional MW of distribution assets; fr is the fixed 
charge of rate for converting the investment cost to annuitized costs; UP is the T&D system upgrade 
capacity in MW. In this paper, it is assumed that the T&D system upgrade needs to be done at year 1 of 
the planning horizon due to the load growth and aging of infrastructures. Therefore, CES units are 
deployed at year 1 to defer the upgrade where Tyr is the last year in the planning horizon that the T&D 
system upgrade project can be deferred by CES deployment. This value is obtained by evaluating the 
maximum demand every year after considering the load growth without CES deployment. 
5.5.3.5 Reduction in CO2 Emissions 
By implementing electricity demand shifting from the peak period to the off-peak period, CES can 
reduce CO2 emissions from coal-fired power plants. The present value of coal savings (CS) from using 
CES is given by the following equation: 
 90
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where Edis and Echa are the total amount of energy discharged and charged by CES in kWh, respectively; 
Cps and Cch are respectively the standard coal consumption rate of power supply of the generation plants 
for peak shaving and routine period. Thus, given that CCO2 is the cost of reducing CO2 emissions, the 
financial benefit from reducing CO2 emissions by CES can be estimated as follows: 
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5.5.3.6 VAr Support 
Another benefit from the CES deployment is possibility of VAr support (RSB). To maintain the 
voltage levels on the distribution system, utilities need to provide a reactive power support. This 
provision would incur some costs. Through the proposed optimal power factor approach, CES 
deployment in distribution systems would a compelling solution to voltage regulation. This benefit can 
be captured financially using the following equation: 
 
 

 




















Nyr
n
n
t
kVAR
s
tstCESs
IR
CtQ
RSB
1
96
1
20
1
,,
'1
90 
                (5.21) 
in which, CkVAR is the reactive power payment [134]. It is noted that RSB is not included in the objective 
function. This is because it would cause the optimization to select the variable decision that can result in 
the highest reactive power dispatch in order to obtain the maximum objective value function. This 
scenario may not be desirable from a power utility’s point of view. Therefore, this benefit is added to the 
profit obtained from the optimization after its process is completed. 
5.5.3.7 Capital and O&M Costs 
The CES capital cost is a function of two main parts. The first part is related to the storable energy 
which includes the replacement cost of CES. Another part depends on the peak power provided by CES 
using the proposed dispatch strategy. In addition, specific technical characteristics of CES technology, 
which are round-trip efficiency η, the maximum depth of discharge γ and self-discharge rate κ, are taken 
into consideration to determine the rated energy and power size of CES. Meanwhile, the operating and 
maintenance (O&M) cost of CES consists of fixed and variable parts. The fixed part is related to the 
rated power of CES while the variable one depends on its annual discharged energy. However, in this 
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work, the variable part of the O&M is neglected due to its low cost [35]. The NPV values for the capital 
and O&M cost of CES over a Nyr planning horizon are formulated as in (5.22)-(5.23), respectively: 
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CP, CE and CR are respectively the capital power conversion system (PCS), energy and replacement costs 
of CES; N is the total number of buses; FR is the future value of replacement cost; r is the replacement 
period in year that is determined by dividing the maximum number of battery charge/discharge cycles 
by the number of operating cycles per year; CM is the annual operation and maintenance costs of CES 
[52], [118].  
5.5.4 Cost-Benefit Analysis 
In addition to the NPV, the values of DPP and BCR from the CES investment are also presented. 
DPP represents the number of years that the investment takes to break even from undertaking the initial 
expenditure. DPP also considers the time value of money which yields a more realistic solution from the 
project profitability perspective. Meanwhile, BCR is a ratio of the cost and benefit of the proposed project 
[135]. It is used in this work due to the difference in the optimal investment costs and benefits computed 
for dissimilar CES configurations. By evaluating the DPP and BCR, the project profitability can be 
compared thoroughly. DPP and BCR can be expressed as in (5.27)-(5.29) [136]: 
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where T is the last period (i.e., year) with a negative discounted cumulative cash flow, DCCF; DCCFT is 
the DCCF at the end of the period T; DCFT+1 is the discounted cash flow during the period after T; CFn 
is the actual cash flow at period n (i.e., year).  
5.6 Case Study 
5.6.1 Test System and Data Preparation  
The proposed methodology was tested on a 33-bus radial distribution system [137], as shown in Figure 
5.2 with a total load of 3.715 MW and 2.3 MVAr, an annual energy demand value of 15.45 GWh and an 
average daily load factor of 0.417. Distributed photovoltaic units are placed at all buses that are connected 
to the loads in the system to represent rooftop solar PV. The total annual PV penetration, NPV in the 
system is 28.62%, which can be estimated as follows: 
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where, EPV and EL are respectively the total annual amounts of energy produced by the PV units and 
consumed by the loads.  The mean and standard deviation of solar irradiance for three years are obtained 
from a study in [117]. Lithium-ion battery is considered as the choice of technology for CES in this work 
due to its maturity for small-scale grid-connected applications and high efficiency. The maximum life 
cycle for this battery is 4000 [35]. The hourly historical electricity prices considered in this work are the 
same as that in Figure 4.1 of Chapter 4. The electricity price of a day from every season is selected to 
represent the electricity price for all days in that particular season. Table 5.1 lists all the costs associated 
with CES and economic parameters used in the analysis. The planning horizon is set to be 20 years. All 
GA parameters are in default values except for the time limit, stall time limit and tolfun, which are set to 
be inf, inf and 0.001 respectively. The values of time and stall time limits are set to be inf to avoid GA 
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stops before reaching the optimal solution. Meanwhile, the value of tolfun is fixed to 0.001 to evade a 
very long computing time.  As GA is a heuristic algorithm that may not guarantee the same solution even 
after running the same problem several times, each case was run ten times with different initial 
populations. The best solution (solution that results in maximum objective function) was then reported 
in the result section.   
 
Figure 5.2. 33-bus radial distribution system. 
Table 5.1. Economic parameters* 
Parameter (unit) 
Value Parameter (unit) Value 
Current 2025 2035 Cps (kg/kWh) [94] 0.48 
CE($/kWh) [35] 543 280 180 Cch (kg/kWh) [94] 0.27 
CP($/kVA) [35] 813 580 510 CkVAR (cents/kVArh) [139] 0.1063 
CM($(kW) [35] 10 CT&D (Mil $/MW) [93] 2 
IR (%) [52] 5 fr [93] 0.13 
F (%) [52] 1 UP (kW) 2000 
LCT($/kW) [138] 162 CCO2 ($/ton) [140] 22.4 
[35] 0.9 [94] 0.1 
γ [35] 0.9 Annual demand growth (%)[129] 1.3 
(*): All the values of costs is in AU dollars. 
5.6.2 Single and Multiple CES Units Allocation 
This section presents the findings of this work, in which single and multiple CES units are optimally 
allocated to maximize the total NPV of CES investment over 20 years of the planning horizon. Along 
with that, the active and reactive power sizes of CES units are properly dispatched to improve load factors 
and voltage profiles respectively. Table 5.2 details the simulation results using the proposed method. 
 
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These results consist of the optimal sites, rated energy, power and inverter capacity, capital cost, OM, 
PG, AB, LR, TDB, REC, RSB, Fobj, total NPV and average daily load factor values for the cases where 
one to seven CES units are deployed in the test system. In contrast, Figure 5.3 depicts the operating 
voltage distribution for a day in four different seasons for the base case without CES and Case 3. It is 
assumed that the upper and lower limits of voltages are 1.06p.u. and 0.94p.u. respectively. As can be 
observed from Table 5.2, the optimal site for single CES deployment is at bus 8, which is also one of the 
optimal locations of CES in all the cases except for Case 2. It is noted that for these cases, the CES unit 
placed at bus 8 has the highest capacity among all CES units allocated in the system. For instance, in 
Case 4, the CES unit located at this site has a rated capacity of 3165 kWh, while the other optimal sites 
that are buses 31, 32 and 33 have CES with capacities of 76, 388 and 354 kWh respectively. However, 
for Case 2, the optimal CES site that has the highest CES capacity is bus 9. With respect to the optimal 
inverter size of CES, it can be seen that only one CES unit for every case has a larger inverter size than 
the power capacity of CES. This means that for all cases, only one CES unit operates at optimal power 
factor while other CES units operate at unity power factor. For example, the CES unit located at bus 8 in 
Cases 3-7 operates at optimal power factor, whereas the other CES units work at unity power factor. This 
is due to the proposed approach to determining the CES’s reactive power dispatch utilized in this work. 
The approach would minimize the capital cost of CES while ensuring that all operating voltages are 
within its acceptable limits as shown in Figure 5.3. It can be observed from Figure 5.3 that the CES unit 
operating at optimal power factor as proposed in the paper for Case 3 is capable of improving the voltage 
profile. Conversely, the operating voltage for the system without CES deployment has violated its lower 
limit. This may be due to the high power consumed by the residential customer during the evening.  
Table 5.2 also shows the results of the optimal CES costs and benefits for all the cases considered 
in this work. Case 6 achieves the lowest optimal capital cost of CES deployment that is almost $4.537 
Mil, whereas Case 7 records the highest value, which is $4.938 Mil. With respect to the CES benefits, it 
can be seen that for all the cases, deferring T&D system upgrade produces the highest profit, which is 
around 78.8% of the total benefit. This result is attributed to the fact that upgrading the T&D system 
requires a large amount of investment that would yield a high economic benefit to the utility. In addition, 
the low annual demand growth assumed in this work increases the number of years that the T&D system 
upgrade can be delayed, thus contributing to a high profit. The second and third highest profits are 
obtained from the peaking power generation and energy arbitrage benefits. These benefits account for 
about 14.2% and 3.6% of the total benefit, respectively. Regarding the optimal total NPV, it can be seen 
from Table 5.2 that installing four CES units in the system yields the highest total NPV that is $3.166 
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Mil over 20 years of the planning horizon. This figure is 5.2% higher than that computed for single CES 
allocation. As the number of CES unit increases to seven, the total NPV decreases by 0.17% from that 
recorded for Case 1. On the other hand, Table 5.2 reveals that the proposed CES planning strategy is able 
to increase the average daily load factor by at least 48% of the base case value. 
Table 5.3 presents a statistic on the variations of the optimal locations and sites with respect to 
different ten runs for Case 4, as an example. It is shown from this table that, the maximum difference of 
objective function values for Case 4 is 6.72%, which is estimated as follows: 
Maximum difference of Fobj =
obj,max obj,min
obj,max
F F
100
F

                  (5.31) 
Meanwhile, Figure 5.4 shows the box plot of the objective function values for all the cases over 10 runs. 
It is observed from the figure that the variation of the objective function increases with the number of 
CES units deployed due to the increment in the number of control variables. Specifically, no variation of 
the objective function is observed for Case 1, while the highest variation of the objective function (i.e. 
about 0.4 Mil) is recorded for Case 7. 
Figure 5.5 illustrates the effect of the number of CES unit on the BCR and DPP of CES investment. 
It is observed that the computed BCR value has a similar trend as the total NPV reported in Table 5.2, 
where the highest BCR is obtained when four CES units are allocated in the system. However, it is found 
that Case 6 generates the second highest BCR value although its total NPV is low as compared to Cases 
2-5. This is due to the total optimal energy capacity of CES units allocated for this case lower than that 
for the other cases. This results in a lower capital cost and higher BCR value. Similarly, Case 6 also 
obtains the fastest DPP among all the cases that is 5.73 years.  Meanwhile, the CES investment in Case 
7 needs 6.12 years to recover its initial investment, which is almost the same as that recorded for Case 1. 
Overall, this finding reveals that it is more profitable to install two-six CES units than one and seven 
CES units in the test system considered in this work. 
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Table 5.2. Optimal site, rated capacity, economic and load factor improvement from CES 
planning. 
No. of  
CES 
/Case 
CES  
location  
(Bus) 
CES 
energy  
size    
(kWh) 
CES 
power  
size  
(kW) 
CES's 
inverter  
size 
 (kVA) 
Capital  
cost  
(Mil) 
OM  
(Mil) 
PG  
(Mil) 
AB  
(Mil) 
LR  
(Mil) 
TDB 
(Mil) 
REC  
(Mil) 
RSB  
(Mil) 
Fobj  
(Mil) 
Total  
NPV 
(Mil) 
Average 
daily  
load 
factor 
1 8 3979 1002 1518 4.909 0.137 1.144 0.291 0.071 6.346 0.198 0.005 3.004 3.009 0.6305 
2 
9 3069 773 1122 
4.779 0.137 1.146 0.292 0.068 6.346 0.198 0.002 3.133 3.136 0.6308 
33 915 230 230 
3 
7 110 28 28 
4.766 0.137 1.145 0.291 0.072 6.346 0.198 0.004 3.148 3.151 0.6305 8 3249 818 1158 
33 622 157 157 
4 
8 3165 797 1116 
4.754 0.137 1.146 0.292 0.072 6.346 0.198 0.004 3.162 3.166 0.6306 
31 76 19 19 
32 388 98 98 
33 354 89 89 
5 
5 195 49 49 
4.810 0.137 1.145 0.291 0.072 6.346 0.198 0.004 3.105 3.109 0.6304 
8 2882 726 1116 
24 93 23 23 
30 130 33 33 
33 682 172 172 
6 
3 4 1 1 
4.537 0.128 1.086 0.260 0.071 6.077 0.179 0.004 3.008 3.013 0.6158 
6 95 25 25 
8 2228 580 1116 
27 206 54 54 
28 193 50 50 
33 886 231 231 
7 
1 173 43 43 
4.938 0.138 1.162 0.296 0.072 6.346 0.201 0.004 3.000 3.004 0.6325 
2 101 25 25 
5 312 78 78 
8 2576 645 1116 
21 45 11 11 
32 166 42 42 
33 668 167 167 
 111 
 
Figure 5.3. Distribution of voltages for the base case without CES and Case 3.   
 
Table 5.3. Variation of GA solutions over 10 runs for Case 4. 
Run no. Optimal Size in kWh (Bus) Fobj (Mil) 
1 99 (3) 2046 (8) 334 (28) 508 (33) 3.074 
2 1967 (8) 45 (29) 106 (31) 583 (33) 3.100 
3 87 (4) 1943 (8) 43 (30) 919 (33) 3.043 
4 2310 (8) 63 (27) 293 (32) 322 (33) 3.146 
5 43 (4) 1589 (8) 121 (21) 1237 (32) 2.950 
6 72 (4) 2194 (8) 176 (29) 547 (33) 3.113 
7 141 (5) 2185 (8) 322 (31) 339 (32) 3.113 
8 2376 (8) 57 (31) 291 (32) 266 (33) 3.162 
9 99 (5) 2322 (8) 91 (30) 485 (33) 3.141 
10 217 (6) 2237 (8) 199 (32) 335 (33) 3.125 
Best 2376 (8) 57 (31) 291 (32) 266 (33) 3.162 
Worst 43 (4) 1589 (8) 121 (21) 1237 (32) 2.950 
Maximum difference (%) 6.72 
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Figure 5.4. Box plots of objective function over 10 runs along with the number of CES units. 
 
 
Figure 5.5. Variations of BCR and DPP along with the number of CES units. 
5.6.3 Sensitivity Analysis 
Several sensitivity analyses are conducted to investigate the impact of the CES’s price 
reduction, PV penetration and load models on the optimal site, size and profitability of CES 
investment.  
5.6.3.1 CES’s Price Reduction 
This work considers three different planning scenarios: CES deployments starting at current 
year (Scenario 1), year 2025 (Scenario 2) and 2035 (Scenario 3). These scenarios are simulated for 
single CES unit allocation to investigate the potential of CES investment in present and later years 
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
1 2 3 4 5 6 7
O
b
je
ct
iv
e
 F
u
n
ct
io
n
 (
M
il)
No. of CES
1.54
1.56
1.58
1.6
1.62
1.64
1.66
1.68
5.40
5.50
5.60
5.70
5.80
5.90
6.00
6.10
6.20
1 2 3 4 5 6 7
B
C
R
D
P
P
 (
ye
ar
)
No. of CES
Discounted Payback Period BCR
 113 
for 20 years planning horizon. Others parameters for the planning strategy are same as in the previous 
subsection.  Table 5.4 depicts the simulation result. It can be seen that the optimal site of CES is bus 
8 for Scenario 1 and bus 7 for Scenarios 2 and 3. It is also found that as the cost of CES reduced in 
later years, the optimal CES penetration increased from 9.27% (3979 kWh) in Scenario 1 to 13.55% 
(5817 kWh) and 22.09% (9482 kWh) in Scenarios 2 and 3, respectively.  A similar trend was found 
for the optimal values of PCESR and SCESR. This reveals that the CES cost reduction in later years allows 
more CES to be penetrated in the system. A higher CES penetration level may result in a higher 
benefit and total profit obtained from CES deployment. This are reflected by higher values of the total 
profit and BCR, and also a faster DPP value for CES deployment begins at later years than that at 
present as shown in Table 5.4. For instance, the total revenue recorded for CES deployment start at 
2025 and 2035 are about 4.7 Mil and 5.9 Mil, which correspond to 56.71% and 95.12% increments 
respectively, than that starts now. A similar trend was also found for the BCR value. Particularly, 
deferring T&D system upgrade contributed the highest profit from CES deployment for all scenarios. 
Conversely, VAr support recorded the lowest benefit as in this case study, only a small amount of 
VAr is needed for voltage profile improvement. Overall, it is revealed from Table 5.4 that there is a 
promising economic profit from CES deployment as its cost becomes lower in later years. 
Figure 5.6 illustrates the DCCF for all scenarios from the proposed planning strategy. It can be 
observed from Figure 5.6 that the DCCF for all scenarios decreased at year 11 due to the CES 
replacement cost. Additionally, it is found that at year 17 and above, DCCF for Scenario 1 had a 
slower increment than that at the earlier years. This is due to the fact that no benefit is obtained from 
the T&D system upgrade deferral as CES capacity installed in the system no longer meets the peak 
demand increment in that particular year. This also means that the upgrade cannot be deferred by 
CES at year 17 for this specified case. As the benefit contribution from the T&D upgrade deferral is 
the largest, its absence caused a significant reduction in the total profit obtained. Meanwhile, for the 
other two scenarios, this phenomenon occurs later than the first scenario which is at year 19. This is 
due to the higher ECESR deployed for the latter scenarios that provides more capability for CES to 
defer the T&D system upgrade. 
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Table 5.4. Optimal CES planning for different starting year 
 
 
 
 
Figure 5.6. DCCF of CES investment for current, 2025 and 2035 periods.   
  
 
  
 
 
Scenario 1 2 3
Optimal Location (Bus) 8 7 7
Optimal Capacity (kWh) 3979 5817 9482
Optimal Size (kW) 1002 1306 1818
Optimal Inverter rating (kVA) 1518 2047 2547
Capital Cost (Mil) 4.9091 4.2388 4.2945
NPV O&M Cost (Mil) 0.1367 0.1781 0.2479
NPV Peaking Generation (Mil) 1.1445 1.4251 2.1628
NPV Arbitrage Benefit (Mil) 0.2911 0.4545 0.7738
NPV Energy Losses Reduction (Mil) 0.0708 0.1022 0.1413
NPV T&D upgrade deferal benefit (Mil) 6.3456 6.8527 6.8527
NPV Reduction in CO2 Emission (Mil) 0.1976 0.2889 0.4709
NPV VAR support (Mil) 0.0052 0.0090 0.0120
Objective Function (Mil) 3.0038 4.7064 5.8591
Total Profit (Mil) 3.0090 4.7155 5.8711
Discounted Payback Period (year) 6.12 4.66 4.37
Benefit to Cost ratio 1.60 2.07 2.29
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5.6.3.2 PV Penetration Level 
To investigate the impact of PV penetration on the optimal CES planning and the profitability 
of its investment, the PV penetration in the test system is increased by 20%, starting from 0% to 
100%. The proposed planning strategy for single CES allocation is then conducted to determine the 
optimal CES site, capacity, total NPV and BCR for cases with different PV penetration levels. Table 
5.5 presents the optimal site of CES units while Figure 5.7 shows the optimal energy capacity and 
inverter size of CES units for all the cases.  It is revealed from Table 5.5 that the optimal site of CES 
unit varies as the PV penetration is increased. However, these sites are located close to each other. 
This indicates a poor influence of PV penetration on the optimal location of CES, possibly due to the 
distributed PV generation deployed in the test system. Meanwhile, Figure 5.7 shows that the test 
system with 40% PV penetration accommodates the highest energy capacity of CES, which is 4705 
kWh for maximizing the total NPV. This value reduces gradually as more PV is penetrated in the 
system. When the energy generated from the PV is equal to the energy consumption from the load 
(i.e. 100% PV penetration), the computed optimal CES capacity is 3594 kWh, which is the lowest 
among all the cases. Nevertheless, this is not the case for the optimal CES’s inverter size. The test 
system with 100% PV penetration accommodates the highest inverter size among all the cases (i.e. 
2146 kVA). The reason is that more voltage violations occur when the system is subjected to high 
PV penetration. Therefore, CES is forced to dispatch more reactive power into the system in order to 
improve the voltage profile. This leads to an increase in the CES’s inverter size. 
Figure 5.8 illustrates the influence of PV penetration on the optimal total NPV and BCR of CES 
investment. It can be observed from the figure that the optimal total NPV increases from the lowest 
value, which is $2.5 Mil at 0% PV penetration to the maximum value of $3.1 Mil at 40% PV 
penetration. This figure then reduces slightly with the PV penetration increment until it reaches 
revenue of $2.9 Mil at 100% PV penetration. It can also be seen from the figure that the highest BCR 
is 1.59 when the system accommodates 20% PV penetration. This is due to the low optimal CES 
capacity recorded for this case, which leads to the low capital cost. In contrast to this, the case with 
40% PV penetration generates a lower BCR than the other cases with PV generation due to its high 
value of the optimal CES capacity. The lowest BCR is computed at 1.5 when the PV penetration is 
zero. This finding reveals that CES deployment in a distribution network with PV generation is more 
profitable than that without PV. 
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Table 5.5 .The optimal site of CES units for different PV penetration levels 
PV penetration 
(%) 
0 20 40 60 80 100 
Optimal site (bus) 9 8 8 7 7 10 
 
 
Figure 5.7. Variation of the optimal energy capacity and inverter size of CES along with PV 
penetration. 
 
Figure 5.8. Variation of the total NPV and BCR along with PV penetration. 
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5.6.3.3 Load Model 
A sensitivity analysis was conducted to quantify the effects of using traditional constant power 
and voltage-dependent load models on a single CES planning. In this analysis, practical load models 
(i.e., residential, industrial and commercial load models) are considered as time-varying voltage-
dependent load models, which are dependent on the voltage and time. These models entail properly 
using voltage exponents associated with the active and reactive power loads of the system under the 
study. These exponents are provided available in [141]. The models also consider the time-variations 
of load demand with respect to the load pattern investigated in this study. It is observed from the 
analysis that the optimal CES site is the same bus (i.e. bus 8) for all the load models. This indicates 
that the load models have no influence on the optimal location of CES units. On the other hand, Figure 
5.9 illustrates the optimal energy capacity of CES units when various load models are utilized in the 
proposed planning strategy. As can be seen from Figure 5.9, the CES planning with the constant 
power load model overestimates the optimal energy capacity of CES by almost 16.7% when 
compared with the residential load model. Meanwhile, the CES planning with the residential, 
industrial and commercial load models obtained a similar optimal energy capacity, which is in the 
range of 3000 kWh to 3500 kWh. 
The influence of various load models on the optimal total NPV and BCR of CES investment 
are depicted in Figure 5.10. It can be observed from this figure that the residential, industrial and 
commercial load models yield almost similar values of the total NPV and BCR, which are around 
$3.6 Mil and 1.9 respectively. In contrast, the constant power load model generates about 16.4% and 
16% lower optimal values of the total NPV and BCR respectively than those computed for the non-
constant power load models. This finding can conclude that CES planning using the constant power 
load model may underestimate the profitability of CES investment. 
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Figure 5.9.The optimal energy capacity of CES for different load models. 
 
 
Figure 5.10. The total NPV and BCR for different load models. 
 
5.7 Summary 
In this chapter, an optimal planning approach is proposed for single and multiple CES unit 
deployment in distribution systems with rooftop PV based on a comprehensive cost-benefit analysis. 
This analysis incorporates all possible benefits and costs associated with the CES deployment. The 
benefits are achieved from energy arbitrage, peaking power generation, energy loss reduction, T&D 
system upgrade deferral, CO2 emission reduction and VAr support while the costs include CES’s 
capital, replacement and O&M costs. The total NPV computed from a cost-benefit analysis is 
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maximized to determine the optimal location and size of CES units as well as the optimal size of 
CES’s inverters. The probabilistic distribution of solar irradiance is also incorporated in the analysis 
to consider the uncertainty of PV generation. The active and reactive power sizes of CES units are 
dispatched to enhance load factors and voltage profiles respectively using a proposed optimal power 
factor approach. The findings reveal that the proposed CES planning strategy is able to identify the 
optimal location and size of multiple CES units for maximizing the total NPV while increasing the 
average daily load factor by at least 47% from the base case value and improving the voltage profile. 
The impact of the number of CES units, CES’s price reduction, PV penetration and load models 
on CES planning is also presented in this chapter. The numerical results obtained from this analysis 
can conclude that it is more profitable to install two to six CES units than one or seven CES units in 
the system under the study. Comprehensive cost-benefit analysis conducted for CES deployment 
starting at current year, year 2025 and 2035 shows that there is a promising economic profit from 
CES deployment as the cost of CES becomes lower in later years. On the other hand, it is also found 
that the amount of PV penetration has an insignificant influence on the optimal site of CES units. 
This may be due to the distributed PV generation deployed in the case study. However, the most 
profitable CES investment is computed when CES is deployed in a system with 20% PV penetration 
while the least profit is recorded by a system with no PV. With respect to the load model, CES 
planning with the constant power load model overestimates the optimal energy capacity of CES by 
almost 16.7% when compared to the residential load model. This reveals that CES planning strategy 
using the constant power load model may underestimate the profitability of CES investment. 
Consequently, load models should be included in ES planning to provide a more realistic outcome. 
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CHAPTER 6 
 
VIRTUAL MICROGRID DEPLOYMENT WITH CES   
 
6.1 Nomenclature 
A) Indices 
f   Index of tariff 
i  Index of virtual microgrid 
j, k   Index of buses in the system 
m  Index of seasons 
n  Index of planning period in year 
s  Index of combined generation-load states 
t  Index of time in hour 
 
B) Parameters and variables 
AB   Present value of profit from energy arbitrage  
B   The candidate cut-set point (i.e., branch or line) of VM in the network 
CCES   Present value of CES’s capital cost 
EC  CES capacity in kWh needed to level the demand out to its average demand   
Echa1  Diurnal CES’s charging energy used to prevent the violation of Prevlim 
Echa2   CES energy reservoir left for charging 
ECES  Energy variation of a CES unit   
ECESR   Rated energy size of CES unit 
Edis  Diurnal discharged energy   
g   The time in hour when the price of electricity is lowest 
IR’   Effective interest rate 
LCES,i  Location of CES unit in VM i 
LR   Present value of profit from energy loss reduction  
MCES,i  Candidate capacity of CES unit located in VM i 
N  Total number of buses of the system 
Nb   Total number of buses in the VM   
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Nbr  Total number of branches in the VM 
np   Voltage exponent for the active power loads 
NPR   Total number of houses/prosumers in the distribution network 
NPV   Total annual PV penetration 
nq   Voltage exponent for the reactive power loads   
Ns   Total number of generation-load states 
Nv   Total number of VM in the residential network 
Nyr   Planning horizon 
OM  Present value of CES’s operation and maintenance costs 
PAVG  Average value of the diurnal demand power 
PC  CES size in kW needed to level the demand out to its average demand   
PCES   Active power dispatched by CES unit 
PCEScha  Total active power charging by CES unit 
PCEScha1 Active power charging by CES to prevent the violation of Prevlim 
PCEScha2 Active power charging by CES for energy arbitrage   
PCESdis,i,t  Active power discharged by CES   
PCESR   Rated power size of CES unit 
PD   Active power demand 
Pdis   Discharge threshold  
PG   Active power generated 
PL  Active power loads    
PL0  Active power loads at nominal voltage  
Ploss   Total active power loss    
Prevlim  Reverse power flow limit 
PG   Present value of profit from CES’s peaking power generation 
PPf  Annual profit obtained by every prosumer that joins the CES’s business model based 
on the tariff, f 
QCES   Reactive power dispatched by CES unit    
QL,k,t   Reactive power loads      
QL0,k,t     Reactive power loads at nominal voltage 
RC   Present value of profit from CES renting fees  
REC     Present value of profit from reduction in CO2 emission 
Rn   CES’s rent payment per month  
RSB   Present value of profit from reactive power support 
SCESR  Rated size of CES’s inverter  
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TDB   Present value of profit from T&D system upgrade deferral  
TECES,f  total annual electricity bills for all prosumers calculated using the tariff f in the 
system with CES deployment 
TEo,f  total annual electricity bills for all prosumers calculated using the tariff f in the 
system without CES deployment 
Vk,t   magnitude of voltage 
Xb  vector of cut-set points for VMs 
Xc vector of the control variables for CES allocation in VM 
ρs   probability of generation-load state s 
 
6.2  Introduction 
 This chapter presents a new framework for constructing virtual microgrids (VMs) with CES 
units in a residential distribution system with rooftop PV panels. Due to the significant growth of 
rooftop PV installation in residential areas, customers not only consume electricity but also play a 
role as power producers. The consumer that produces electric power to the grid is known as a 
prosumer. VMs had been recently introduced as a concept where multiple energy prosumers are 
orchestrated into bigger associations towards optimizing their benefits. This concept has then 
becoming increasingly popular due to the increasing deployment of distributed generation as well as 
RES in distribution systems. In this concept, clustering a large-scale conventional distribution system 
into a set of microgrids can bring several benefits to the utility, electric power consumers and DG 
owners. Some of the benefits are easier control strategies which include the distributed control and 
load routing among microgrids, maximize the utilization and minimize the negative effect of the 
intermittent renewable energy, and also offer remarkable energy savings and monetary profit for the 
prosumers. With the aid of CES and an effective planning strategy, it is expected that more technical 
and economic benefits can be obtained from the deployment of VMs.  
The current literature review in this area presented in Chapter 2 reveals that there is a lack of 
research on developing VMs with CES in residential distribution networks for maximizing the net 
present value (NPV) gained from CES deployment by the utility. This chapter proposes a novel 
comprehensive framework of VM development with CES in residential networks with rooftop PV 
for maximizing the NPV over a specified planning horizon. Within the developed framework, a new 
index for designing VMs and a novel business model are proposed to increase the profit gained by 
both parties (i.e., utility and consumer). Instead of using the constant PQ load model, a more accurate 
model that is the voltage-dependent load model is utilized to represent the load in the planning 
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framework. In addition, a new strategy is proposed to dispatch the active power of CES in each VM 
for serving three different objectives that are to reduce the peak demand, prevent the violation of 
reverse power flow limits and maximize the profit from the energy arbitrage. The effectiveness of the 
presented framework is verified on a 33-bus radial distribution network. The impacts of the number 
of VMs on the NPV, benefit to cost ratio (BCR) and discounted payback period (DPP) achieved from 
CES deployment are also discussed. Moreover, the effectiveness of the proposed business model in 
reducing the customer’s annual electricity bill for time of use (TOU) and demand charge (DC) Tariffs 
are quantified as well. 
6.3 Load and PV Modelling 
In this work, practical load model (i.e., residential) is considered as a time-varying voltage-
dependent load model, which are dependent on the voltage and time. This model entails properly 
using voltage exponents associated with the active and reactive power loads of the system under the 
study. Detailed information on the voltage exponents can be found in [141]. The models also consider 
the time-variations of load demand with respect to the load pattern investigated in this study. 
Expressions (6.1) and (6.2) represent the load model utilized in this work, 
pn
tktkLtkL VPP ,,,0,,                   (6.1) 
qn
tktkLtkL VQQ ,,,0,,                   (6.2) 
in which, PL,k,t and QL,k,t are the real and reactive power loads at node k and hour t respectively. PL0,k,t 
and QL0,k,t are respectively the values of real and reactive power at nominal voltage, np and nq are the 
voltage exponents for the active and reactive power loads respectively, and Vk,t is the magnitude of 
voltages. As this work focuses on the residential load, the voltage exponents of active and reactive 
power. The exponent values for residential customers are 1.51 and 3.4 for real and reactive power 
respectively. Load power at the nominal voltage is assumed to follow an hourly residential load curve, 
which was generated from historical data found in [116] and detailed in Subsection 4.3.1. One day of 
the load curve is picked from every season (i.e., winter, spring, summer and autumn) in a year to 
represent every day in that particular season. Accordingly, there are 96 time-segments over a year 
considered in this study. 
The uncertainty of PV output power is modelled as multi-state variables in the planning 
formulation. The detailed procedure in modelling PV and the combined PV generation-load model 
can be found in Chapter 5.  
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6.4 The Proposed VM Development with CES 
6.4.1 Conceptual Design 
Figure 6.1 shows the conceptual design for VM development with CES in a residential network 
with rooftop PV. As shown in this figure, the proposed planning framework begins by first 
constructing the VM in a residential network with PV. Given the specified number of VMs, and load, 
PV and system data, the network is divided into multiple microgrids with an objective of minimizing 
the proposed CES capacity index in the network. This objective is subjected to several constraints 
such as power balance, bus connections and the minimum number of buses in each VM. Secondly, 
the optimum allocation of the CES within each VM is identified for maximizing the total NPV of 
CES deployment within the specified planning horizon, which is subjected to constraints: power 
balance, current limit capacity, voltage limits and CES energy reservoir limits. For this purpose, the 
planning strategy based on a comprehensive cost-benefit analysis is conducted. The analysis includes 
all possible benefits of CES which can be obtained through the proposed CES dispatch strategy. At 
this stage, a new business model of CES is deployed. In the proposed business model, the virtual 
capacity of CES can be rent by the customers for reducing their electricity bills and storing their 
excessive PV power generation during the day. The detailed explanation of the proposed framework 
can be found in the next subsection. 
 
Figure 6.1. Conceptual design for VM development with CES. 
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6.4.2 VM Design 
6.4.2.1 Overview 
In this work, the optimal VM design for minimizing the probabilistic CES capacity (CC) index 
subjects to the load flow balance, bus-connection and minimum number of VMs is determined. GA 
in MATLAB Optimization Toolbox is used to solve the optimization problem. The selection of this 
solver is based on the justification stated in Subsection 5.5.1 of Chapter 5. As shown in Figure 6.1, 
the inputs to the optimization problem are the specified number of VM, network data and PV and 
load data while the output or the control variable is the vector of cut-set points for VM. The candidate 
cut-set point of VM, B is referred to the branch or line number in the network which can be found in 
the impedance data.  
Figure 6.2 illustrates the brief procedure of designing VM. The work begins by first generating 
the initial population of cut-set points of VM in the given distribution network. Equation (6.3) depicts 
the vector of cut-set points for VMs  
 121  NvBBBXb   (6.3)  
in which Nv is the total number of VM specified by the utility. Load flow for the network at every 
generation-load state is then conducted. Based on the load flow result and the candidate location of 
cut-set points given by GA, the objective function that is the probabilistic CC index for the whole 
system and the constraints are computed. Finally, the stopping criteria of GA is evaluated and all the 
above steps are repeated until the stopping criteria are met. The detailed formulation and description 
of the objective function and constraints considered in this work can be found in the next subsection. 
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Figure 6. 2. Flow chart of the VM design. 
6.4.2.2 Objective Function 
As discussed in Chapter 2, most of previous works have optimized the design of VMs for 
maximizing the supply-adequacy. In these works, the self-adequacy of microgrid is maximized by 
minimizing the power imbalance between the generation and load (PI) index in all constructed 
microgrids. If the microgrids are 100% self-adequate, the accumulated value of PI index for all 
microgrids is zero and if the microgrids are 0% self-adequate, this index is at its maximum value. 
Accordingly, by considering the probability of PV generation, the PI index for the whole system over 
a four-seasons year can be computed as follow [102]: 
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where Ns is the total number of generation-load states, Nbi is the total number of buses in VM i, PG 
and PL are the real generated power and the load at bus k in VM i during state s and time t, Ploss,i,t,s is 
 127 
the total power loss in VM i during time t and state s and ρs is the probability of generation-load state 
s.  
 Consequently, microgrids that have been constructed by minimizing the PI index may have a 
high degree of supply-adequacy. This means that in the constructed VM, more loads can be satisfied 
by the distributed generation in it in case of autonomous island-mode operation due to the grid failures 
or disturbances than that in a microgrid with a lower degree of supply-adequacy. However, as for 
residential areas, it is not practical for the utility or third party companies to deploy any large-sized 
distributed generators such as biomass plants, and wind or PV farms to offset the load. In addition, 
the rapid development of rooftop PV installation in residential networks may reduce the supply-
adequacy as its generation is high during the mid-day while the load reaches its peak during the 
evening. It is expected that the supply-adequacy of microgrids in PV-rich residential areas can only 
be improved by energy storage systems. However, due to the high investment cost of energy storage, 
its deployment in VMs needs to consider the cost elements in addition to the supply-adequacy.   
This chapter introduces a probabilistic CES capacity index as an objective function for 
constructing VM in the residential network with rooftop PV units. As it is considered that the main 
application of CES in this work is load levelling, the proposed index measures the expected CES 
capacity in kWh and kW needed to level the demand in each microgrid to its average value. This CES 
capacity is the maximum capacity that can be fitted in a specific VM where any additional capacity 
of CES may not be profitable in terms of load levelling. CES capacity is directly proportional to the 
capital cost of CES deployment. Hence, it is expected that VM constructed by minimizing the CC 
index may not only increase the supply-adequacy, but also contribute to the reduction in the total cost 
of CES deployment. Consequently, it may increase the profit gained by utilities or third party 
investors from the deployment of VM with CES.  
CES capacity index in kWh refers to the storage energy needed to level the demand out to its 
average value. The procedure to determine this value begins by calculating the diurnal real demand 
power at all the seasons for every constructed VM, The real demand power for VM i during season 
m and hour t, PD,i,m,t is given as (6.5). It is noted that m is equal to one of these integers {1, 2, 3, 4}, 
where each of them represents the winter, spring, summer and autumn season respectively. As there 
are 96 time-segments over a year considered in this study, all days in each season is represented by 
24 time-segments. The first 24 time-segments of the demand represents all days in winter season. The 
second, third and last clusters of 24 time-segments represent the demand power during the spring, 
summer and autumn respectively. 
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Then, the CES capacity index in kWh needed to level the demand out to its average demand for every 
season in VM i, EC,i,m is computed as follows 
   miAVGtmiD
q
miAVGqmiDmiC PPtqPPE ,,,,,,,,,,,,   (6.6) 
in which PAVG,i,m is the average diurnal demand  in VM i during season m. To ensure that the computed 
CES capacity is enough to level the demand out to its average demand value in every season, the 
maximum CES capacity computed over the four seasons is selected to represents the capacity of CES 
for that VM i, EC,i as follows: 
 miCiC EE ,,, max  (6.7) 
Meanwhile, the CES size index in kW refers to the maximum CES dispatch power needed to level 
the demand out in the VM to its average demand value and can be computed as follows:  
  4,,1,24,,1max ,,,,,,   mtPPP miAVGtmiDiC  (6.8) 
in which PC,i is the CES size index in kW for VM i. The CES adequacy index for one specific VM is 
estimated as a summation of both CES capacities (i.e. EC,i and PC,i). Accordingly, the objective 
function that is the probabilistic CC index for the whole system is given as the summation of the CC 
index for all the constructed VMs as follows:  
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6.4.2.3 Constraints 
There are several constraints associated with the optimisation problem of VM design, which are 
detailed as follows: 
 Power flow equations 
The detailed formulations for this constraint can be found in Chapter 5 
 Bus-connection 
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To identify the cut-set points of VMs, bus-connection constraints need to be included in the 
problem formulation. This constraint ensures that the constructed VM satisfies the following 
conditions: 
1. No isolated bus which means that each bus in the network is included in any VM. 
2. No bus in the network is a member of two or more VMs. 
3. All buses in each VM are connected as a tree without any loop.  
In order to satisfy the above conditions, the shortest path algorithm in graph-related theory is utilized. 
The simplest shortest path algorithm named Dijkstra algorithm is deployed for this purposes. This 
algorithm will find a tree path between two vertices (buses) in the system such that the sum of weights 
of its constituent edges (branches) is minimized. A further description of this algorithm can be found 
in [142], [143]. The procedure for including this constraint in the design problem starts by generating 
a weightage undirected graph from the distribution system topology where the impedance of each 
branch represent the weight of the edges. The Dijkstra algorithm is then used to check the connection 
between buses in each VM based on the candidate cut-set points of VM. For a particular bus located 
in a specific VM, if there is at least one tree path to another bus in that VM, then the bus can be 
accommodated in that microgrid. If the same criterion applies for all buses, condition 1 stated above 
is satisfied.  
To avoid loops in the design and ensure that all buses in each VM are connected as a tree as in 
condition 2, (6.10) for every VM is computed and needs to be satisfied 
      1 NbrNb                 (6.10) 
In which Nb and Nbr are respectively the total number of buses and branches in the VM. 
 Minimum number of buses in VM 
Another constraint included in this work is the minimum number of buses located in all VMs. 
This constraint ensure that no VM has zero or only few points or buses while other VMs cover a 
larger number of buses. Therefore, this constraint is included in the optimisation problem to avoid an 
undesirable output. In this work, it is assumed that the minimum number of buses that should be 
included in VMs is three. 
6.4.3 CES Allocation in VM  
6.4.3.1 Overview 
This section describes a methodology that is proposed in this work for CES allocation in VMs. 
The aim of the problem formulation is to optimally site and size one CES unit in each VM within a 
residential network with rooftop PV by maximizing the total NPV of CES deployment over a 
specified planning horizon. The inputs considered in this problem are the cut-set points of VMs, 
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distribution system data, the probabilistic generation model of PV and costs associated with CES 
deployment. Meanwhile, the decision variables are the optimal location and size of CES units in kWh 
for every VM. The GA toolbox in MATLAB is used to solve the optimization problem presented due 
to its capability of handling integer variables and its robustness.  
Figure 6.3 illustrates the procedure of the proposed methodology for CES planning in VM. At 
the beginning of the procedure, GA generates an initial population for the optimization problem. GA 
individuals for each system are characterized by a vector of the location and pre-assigned size of CES 
unit in each VM, which are integer and continuous variables, respectively. The size of the vector is 
twice the number of CES units or VM constructed in the system. The vector of the control variables 
for a residential system with Nv number of VM can be expressed as follows: 
Xc = [LCES,1 LCES,2 … LCES,Nv      MCES,1  MCES,2 … MCES,Nv]     (6.11) 
where LCES,i and MCES,i are respectively the location and pre-assigned size of CES unit located at VM 
i. Based on the initial population, the active and reactive power dispatched by CES units (i.e., PCES 
and QCES, respectively) are determined using the proposed operational characteristics. The rated 
power and energy of CES units (i.e., PCESR and ECESR, respectively) and CES’s inverter size (SCESR) 
are calculated based on the computed values PCES and QCES, the technical characteristics of adopted 
CES technology and MCES. Next, a cost-benefit analysis that includes a new business model of CES 
is conducted. Finally, the objective function and constraints are evaluated until the desired stopping 
criteria are met. The proposed operational characteristics of CES, description on the new business 
model involving CES and formulation of the CES allocation problem are elaborated in the next 
subsections. 
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Figure 6.3. Flow chart of CES planning in VMs. 
6.4.3.2 Operational Characteristics 
As reported in the previous chapters, CES units are assumed to be connected to an AC system via 
bidirectional DC/AC converters that can operate in all four quadrants [31]. This means that CES is 
capable to dispatch both active and reactive powers. With respect to the active power dispatch by CES, 
a profit-based dispatching strategy is developed. It is assumed that the utility has an accurate daily 
forecasted demand and electric price for its residential network. The dispatching strategy consists of 
two modes that are charge and discharge. Figure 6.4 illustrates the basic principle of the dispatching 
strategy.  
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Figure 6.4. Strategy for CES’s active power dispatch. 
On the basis of Figure 6.4, the discharge mode is activated at the time during which the power 
demand is more than the average demand value, while the charge mode is implemented at hour during 
which the demand power is less than the average demand value. In addition, it is considered that the 
energy remaining in the CES at the beginning of the day is equal to that at the end of the day [18]. 
Therefore, the diurnal energy being discharged by CES is equal to the diurnal energy being charged 
by CES. This diurnal energy should be equal to the value of the candidate capacity of CES in order to 
fully utilize the storage energy.  
With respect to the discharge mode, CES in each VM discharges its active power based on the 
load following control method. The aim of discharging the power is to reduce the peak demand in each 
VM as much as possible subjected to the candidate size of CES. This is done based on the conclusion 
found in Chapter 5 that the most profitable CES’s benefit is the deferral of T&D system upgrade. By 
reducing the peak demand, T&D system upgrade can be deferred for a longer period, thus gaining 
more profits to the utility. Using the “load following” control method described in Subsection 4.4.3 of 
Chapter 4, CES in each VM will discharge its real power if the total demand power in that VM is 
above the discharge threshold, Pdis of that VM. Discharge threshold for CES located in VM i, Pdis,i is 
determined using an iterative algorithm described as follows: 
Step 1: Set the initial value of Pdis,i as the maximum demand power in VM-i.  
Step 2: Compute the diurnal discharged energy for VM-i with respect to the Pdis,i, Edis,i as follows 
   idistiD
r
idisriDidis PPtrPPE ,,,,,,,                (6.12) 
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where PD,i,t is the total active demand power in VM-i at hour t.   
Step 3: Decrease Pdis,i by 0.01 if the difference between  Edis,i and the candidate capacity of CES at VM 
i, MCES,i is more than 0.1. 
Step 4: Repeat Steps 2 and 3 until the difference between the amount of Edis,i and MCES,i is less    
           than 0.1. 
Based on the values of Pdis,i  obtained from the iterative method, the active power discharged by CES 
in VM i at every hour, PCESdis,i,t can be computed as follows: 
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    (6.13)              
With respect to the charging strategy of CES in each VM, a priority of charging is given to prevent 
the violation of reverse power flow limit first before gaining the profit from energy arbitrage as shown 
in Figure 6.4. Given the MCES,i and reverse power flow limit, Prevlim, the proposed algorithm will charge 
CES in every VM until the demand profile in each VM does not violate the reverse power limit. This 
charging power can be formulated as follows: 
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where PCEScha1 is the active power charging by CES to prevent the violation of Prevlim. Next, the diurnal 
CES’s charging energy used for preventing the reverse power flow limit violation, Echa1  and CES 
energy reservoir left for charging, Echa2  in VM i are calculated as follows:  
   lim,,,,lim,1 revtiD
q
qiDrevicha PPtqPPE               (6.15) 
ichaiCESicha EME ,1,,2                  (6.16) 
Then, the price-based charging strategy is deployed. The developed algorithm will detect the period 
when the price of electrical energy is lowest and CES is charged as much as possible without violating 
any of the following conditions: 
 The charging power does not exceed the power size of CES. 
 The total diurnal charging energy does not exceed the CES’s energy reservoir. 
 The demand profile at the time of charging does not exceed its average value after the charging. 
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Therefore, the CES charging power for energy arbitrage in VM i during hour t, PCEScha2,i,t can be 
computed as follows:    
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Given that g is the time when the price of electricity is lowest and the initial values of PCEScha2,i,t during 
the 24 hours in VM i are zero. Then, the value of Echa2,i is updated as follows: 
giCESchaichaicha PEE ,,2,2,2                  (6.18) 
If after this charging operation, CES is not fully charged or the condition formulated in (6.19) is not 
obtained, the algorithm will conduct the same charging process. Expressions (6.17) and (6.18) will be 
computed again at the time when the energy price is next cheapest. This procedure will be repeated 
until the condition in (6.19) is satisfied. 
iCESicha ME ,,2                      (6.19) 
The total charging power by CES and at VM i during time t is computed as follows,   
 tiCESchatiCESchatiCEScha PPP ,,2,,1,,        (6.20)                
By combining the discharge and charge power by CES, the active power dispatched by CES located 
at VM i at hour t can be calculated as follows 
tiCESchatiCESdistCESi PPP ,,,,,   (6.21) 
where positive PCESi,t  represents the power discharged by the CES while its negative value 
corresponds to the power consumed by the CES. From (6.21), the energy variation of a CES unit 
located at bus i over time t (ECESi,t) can be formulated as follows:    
tPEE tCESitCESitCESi   ,1,,                                      (6.22) 
In this work, CES is allowed to dispatch the reactive power, QCES through the inverter capability 
to ensure that the voltage profile is within its limit. The methodology deployed for dispatching 
reactive power of CES is followed the approach detailed in Chapter 5.   
6.4.3.3 New Business Model 
In order to increase the profit obtained from CES deployment in VMs, a new business model 
for CES is introduced in this work. This business model takes advantage of clustering a residential 
 135 
network into several VMs. Figure 6.5 illustrates the concept of this business model. In this model, 
CES is owned and invested by the utility. Every prosumer in all VMs needs to pay a monthly specific 
rent for using a virtual storage capacity. This practice is almost similar to that deployed in the Alkimos 
Beach project, Perth, Australia. In this trial project, prosumers are able to virtually store the excess 
energy produced by their solar PV system and receive solar credits. These credits will be used to 
offset their energy consumption during the peak-period by discharging the ES. Consequently, 
following this approach, the amount of energy being dispatched to the ES and time of 
charging/discharging storage systems will be depended on the customer’s demand profile. On top of 
that, the demand profile for one prosumer may not be the same with that for other prosumers. 
Dependency of ES operation on the prosumer’s demand profile and unstandardized demand profile 
between prosumers may cause several undesirable technical problems such as violations of the 
operating voltages and CES capacity limits.  
Conversely, in the proposed business model, the utility will control CES operations in a 
centralized manner through a VM management centre. Here, all the loads consumed and surplus 
rooftop PV generation produced by the prosumers in a specific VM will be managed by the control 
centre using the operational characteristic of CES proposed in this chapter. The proposed model can 
bring benefits to both the utility and prosumers involved. As a return, every prosumer will save money 
on their electricity bill every month through the peak demand reduction. Meanwhile, the utility will 
obtain a monthly profit from virtual CES rent payments by the prosumers. Through this business 
model, CES performs a multifunctional task and its investment is expected to be more profitable.  
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Figure 6.5. Concept of a new business model for CES adoption in VMs. 
6.4.3.4 Problem Formulation 
The CES allocation problem in VMs is formulated as a nonlinear mixed integer problem that has 
an objective function of maximizing the total NPV of CES investment over a specific planning horizon 
as follows:    
 
OMCRCRECTDBLRABPGF CESobj                   (6.23) 
in which, PG, AB, LR, TDB, REC and RC are the NPV of profits from the CES’s peaking power 
generation, energy arbitrage, energy loss reduction, T&D system upgrade deferral, reduction in CO2 
emission and CES renting fees, respectively. Meanwhile, the investment cost of CES includes the 
capital cost, CCES and the operation and maintenance costs, OM. Another benefit from the CES 
deployment is the possibility of VAr support (RSB). However, this profit is not included in the 
objective function. This is because it would cause the optimization to select the variable decision that 
can result in the highest reactive power dispatch in order to obtain the maximum objective value 
function. Detailed description and formulation for these profits and costs excluding RC can be found 
in Chapter 5. In relation to the work presented in Chapter 5, this chapter includes an additional profit, 
which is generated from the proposed business model of CES, in the planning problem. The NPV of 
this profit gained from CES renting fees, RC can be formulated as follows: 
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in which Nyr is the number of years in the planning period, NPR is the total number of 
houses/prosumers in the distribution network, Rn is the rent payment per month and IR’ is the 
effective interest rate which can be computed using (5.15). Accordingly, given all prosumers in the 
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network consume the same load and generate the same PV power, the annual profit obtained by every 
prosumer that joins the CES’s business model based on the tariff, f can be computed as follows: 
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in which, TEo,f and TECES,f are the total annual electricity bills for all prosumers calculated using the 
tariff f in the system without and with CES deployment respectively.  
The objective function in (6.24) is maximized subjected to constraints as presented in Subsection 
5.3, which are the power balance that considers the real and reactive power dispatched by CES, the 
feeder capacity limit and CES capacity. 
6.5 Case Study   
6.5.1 Test System 
The test system employed in this chapter is the same as that found in Chapter 5, which is the 33-
bus one feeder radial distribution system as illustrated in Figure 5.2. It has a total load of 3.715 MW 
and 2.3 MVAr. Distributed photovoltaic units are placed at all buses that are connected to the loads 
in the system to represent rooftop solar PV. The total annual PV penetration, NPV in the system is 
28.62%. All other elements and assumptions such as CES and economic parameters also follow the 
descriptions in Chapter 5. The lower and upper voltage thresholds are set at 0.95 p.u. and 1.05 p.u., 
respectively. Meanwhile, the reverse power flow and thermal feeder capability limits at every VM 
are -50 kW and 300A respectively. With respect to the new business model for CES, it is assumed 
that there is a total of 2112 houses or prosumers in the test system where each house consumed 
approximately 7227 kWh of electricity per annum. The CES renting fees applied for each prosumer 
is $11/month [144]. In addition, this work also analyses the total profit obtained by the prosumers in 
this business model through their electricity bills reduction. A reduction in electricity bills is 
computed for two known residential tariffs utilized in Queensland Australia that are the time-of-use 
(TOU) or also known as tariff 12A and TOU demand charge (DC) or tariff 14. The detailed 
descriptions on the tariff deployed in this work are depicted in Table 6.1. As shown in this table, the 
peak period was from 3 p.m to 10 p.m while the off-peak load covered the remaining time of the day. 
Noted that these tariffs are seasonal-based, where the peak charge is only applied during summer 
season. However, for this work, the peak charge that is applied during summer, is also applied to the 
other seasons. The planning horizon is set to be 20 years. All GA parameters are in default values 
except for the time limit, stall time limit and tolfun, which are set to be inf, inf and 0.001 respectively. 
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Each case in this work is run ten times with different initial populations. The best solution that is the 
maximum objective function is then reported in the result section.   
Table 6.1. Time-of-use and TOU demand charge tariffs 
Tariff       Fixed 
charge 
(c/day)       
Variable rate 
(peak) 
(c/kWh)       
Variable rate 
(shoulder) 
(c/kWh)       
Variable rate 
(flat/off-peak) 
(c/kWh)       
Demand charge 
(off-peak) 
($/kw/mth)       
Demand 
charge (peak) 
($/kw/mth)  
Tariff 
12A (Time-of-
Use)  
98.8328 67.2507 N/A 23.177 N/A N/A 
Tariff 
14 (Demand 
Charges)   
50.3239 N/A N/A 19.173  N/A 72.3998 
 
6.5.2 Numerical Results 
6.5.2.1 VM Design 
This section shows the results of the proposed VM design that considers the CES capacity (CC) 
index. It is considered that the 33-bus distribution is divided into multiple VMs. The total specified 
numbers of VMs (Nv) under consideration for each case are 2, 3, 4, 5 and 6. In comparison with the 
proposed method, this section also presents the results of the VM design by minimizing the power 
imbalance (PI) index. Table 6.2 shows the results of virtual cut-set lines for the designed VMs using 
both methods. It is shown from Table 6.2 that the CC and PI approaches produce different cut-set 
branches for each case. For example, the optimal virtual cut-set lines for two-VM case using the CC 
and PI approaches respectively are 2 and 5 respectively. Meanwhile, for three-VM case, the optimal 
virtual cut-set lines obtained using the CC and PI approaches are 2, 27 and 3, 25 respectively.  
It is also observed in Table 6.2 that there is a clear trend for the cut-set branches computed using 
the CC approach where the same cut-set branches are kept as the number of VM increases. For 
instance, the three and four-VM scenarios have the same cut-set points, which are branches 2 and 27. 
In relation to the three-VM case, the four-VM case has an additional cut-set point, which is branch 7. 
With respect to the index value, it is observed that as the number of VM increases, the value of index 
for both approaches decreases. This shows that, the increment in the number of VM in the residential 
network may reduce the total capacity of CES needed to level the residential demand to its average 
demand and enhance the supply adequacy of the network. However, in terms of maximizing the total 
profit of CES investment, the optimum number of VM and CES planning parameters (i.e. size, 
location and operational characteristics) can be identified using the proposed CES allocation strategy.  
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Table 6.2. Virtual cut-set lines for designed VMs using CC and PI approaches 
No. of VM 
Virtual cut-set lines Index Value 
CES Capacity   Power Imbalance CES Capacity (x104) Power Imbalance (x108) 
2 2 5 2.9203 1.8008 
3 2, 27 3, 25 2.9148 1.2233 
4 2, 7, 27 6, 22, 27 2.9129 0.9204 
5 2, 7, 12, 27 5, 8, 22, 29 2.9115 0.7449 
6 2, 7, 12, 27, 30 2, 3, 8, 26, 30 2.9109 0.6658 
  
6.5.2.2 CES Allocation in VMs 
Table 6.3 shows the detailed results for the optimal CES deployment in VMs for the different 
numbers of VMs using the proposed framework (CC method). As mentioned in the methodology 
section, each VM will accommodate one CES unit. Result presented in Table 6.3 shows the proposed 
framework is able to determine the optimal location, rated power and energy size and rated inverter's 
size of CES in each constructed VM for maximizing the total NPV of CES deployment. For instance, 
to gain the maximum total NPV of CES deployment over a 20-year planning horizon for four-VMs 
case, CES units with the rated power and energy size of 111 kW and 424 kWh, 210 kW and 861 kWh, 
408 kW and 1612 kWh, and 187 kW and 750 kWh need to be placed at bus 2, 17, 26 and 30 
respectively. The inverters of these CES units have the minimum rated size, which is the same as the 
power of the CES units. A similar trend was also found for the case three-VMs where all CES's 
inverters have the same rated size in kVA as the rated power of CES units. This is due to that based 
on the deployed operational characteristic strategy in this work, the sizes of CES’s inverters are 
enough to bring the operating voltage within the required limits. In contrast, for the cases of three, 
five and six VMs, not all CES's inverters that have the same size as the power of CES. One CES in 
each case has larger inverter's size than the power size of the CES unit. For example, for the case of 
five-VMs, a CES unit placed at bus 13 has an inverter with a rated size of 165 kVA while its rated 
power size is 105 kW. This is due to that, a larger size of inverter is required to improve the voltage 
profile for this case by providing enough VAR support.  
In addition, it is observed from Table 6.3 that the highest NPV is recorded for the case of three-
VMs which is 7.51 Mil AU$.  This is followed by the cases of two and four-VMs at 7.46 and 7.45 
Mil AU$ of NPV, respectively over a 20-year planning horizon. As the number of VM deployed in 
the network increases to that above three, the optimum NPV gained from CES investment decreases. 
Consequently, the lowest profit is recorded for the case of six-VMs, which is 7.35 Mil AU$. This 
finding reveals that for this specific case study, the optimum number of VMs to achieve the maximum 
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profit is 3 while an increment in the number of VMs may not be profitable from the economic point 
of view. 
From the NPV results obtained by considering each of CES benefits, it is observed from Table 
6.3 that for all the cases, the highest profit is gained from the deferral T&D system upgrade followed 
by the virtual CES renting and peaking generation. Meanwhile, the lowest profit is recorded by the 
VAr support benefit.  
 
Table 6.3. Results of the optimal CES deployment with different number of virtual 
microgrids. 
No. of VMs 2 3 4 5 6 
Location of 
CES (bus) 
8, 20 9, 21, 30 2, 17, 26, 30 12, 13, 22, 27, 33 10, 15, 21, 27, 30, 31 
Ecesr (kWh) 2979, 320 2245, 395, 654 424, 861, 1612, 
750 
408, 433, 458, 1665, 
682 
391, 393, 418, 1653, 
439, 363 
Pcesr (kW) 765, 93 580, 106, 171 111, 210, 408, 187 101, 105, 116, 417, 
176 
98, 99, 110, 415, 102, 
92 
Scesr (kVA) 816, 93 580, 106, 171 111, 210, 408, 187 101, 165, 116, 417, 
176 
98, 167, 110, 415, 
102, 92 
Cces (Million) 3.7855 3.7372 4.1123 4.1598 4.1764 
OM (Million) 0.1170 0.1168 0.1248 0.1247 0.1247 
PG (Million) 0.9918 0.9900 1.0052 1.0049 0.9676 
AB (Million) 0.2957 0.2943 0.3248 0.3252 0.3255 
LR (Million) 0.0321 0.0322 0.0330 0.0324 0.0327 
TDB (Million) 6.0769 6.0769 6.3456 6.3456 6.3456 
REC (Million) 0.1638 0.1635 0.1811 0.1810 0.1816 
VSB (Million) 0.0006 0.0002 0.0000 0.0001 0.0001 
RC (Million) 3.8015 3.8015 3.8015 3.8015 3.8015 
Fobj (Million) 7.4594 7.5045 7.4543 7.4060 7.3534 
Total NPV  7.4600 7.5047 7.4543 7.4062 7.3535 
 
Based on Tables 6.2 and 6.3, the constructed VMs and the optimal location of CES in each VM 
for the cases of 2, 3, 4, 5 and 6 VMs in the 33-bus test system can be illustrated as Figures 6.6-6.10, 
respectively. For instance, it is shown in Figure 6.6 that for two-VM case, the test system is divided 
into two VM where VM1 consists of buses 1, 2, 19, 20, 21 and 22 while VM2 covers the other buses. 
Meanwhile, Figure 6.7 illustrates that for three-VM case, the test system is divided into three VMs 
where VM1 covers buses 1, 2, 19, 20, 21 and 22, VM2 consist of buses 3-18 and 23-27, and VM3 
covers buses 28-33. These configurations are obtained from the result of the optimal cut-set lines in 
Table 6.2, where the optimal cut-set line using the proposed approach (CC) for two-VM case is 2. 
Meanwhile, for the three-VM case, the optimal cut-set lines are 2, 27. Moreover, it is observed from 
Table 6.3 and Figures 6.6-6.10 that the location of CES units varies for different considered cases. 
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For example, Figure 6.6 shows that the optimal locations of CES units for the case of two-VM are at 
bus 20 (in VM1) and bus 8 (in VM2). Meanwhile, Figure 6.7 illustrates that for the case of three-VM, 
buses 21, 9 and 30 are the optimal location of CES unit in VM1, VM2 and VM3, respectively. 
 
Figure 6.6. VM design and CES placement for two-VM case. 
  
 
Figure 6.7. VM design and CES placement for three-VM case. 
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Figure 6.8. VM design and CES placement for four-VM case. 
 
 
Figure 6.9. VM design and CES placement for five-VM case. 
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Figure 6.10. VM design and CES placement for six-VM case. 
  
A clear representation of the profit obtained by each CES benefit from the total profit in 
percentage for the case of three-VM is shown in Figure 6.11. It is presented from this figure that the 
profit obtained from the T&D system upgrade deferral is 54% of the total profit of CES deployment. 
This is due to a high cost of the T&D system upgrade and the low load growth, which was assumed 
in this work. Thus, delaying the upgrade may bring a high profit to the utility.  Meanwhile, using the 
proposed business model, the utility may gain the profit from the CES renting fees, which is computed 
second highest, at about 33% from the total profit. This is followed by the benefits achieved from the 
peaking generation and energy arbitrage, respectively at 9% and 3% of the total NPV of CES benefits. 
Meanwhile, the loss reduction and VAr support benefits are less than 1% of the total profit.  
Table 6.4 presents a statistic on the variations of the optimal locations and sizes with respect to 
different ten runs for the three-VM case, as an example. It is shown in this table that the highest   
objective function (i.e. 7.505 Mil) is recorded at the run number 3, where the optimal size of CES 
units are 297 kWh, 1685 kWh and 491 kWh and located at bus 21, 9 and 30 respectively. Meanwhile 
the lowest objective function (i.e. 7.451 Mil) is obtained during the run number 5. Consequently, the 
maximum difference of objective function value for this case is 0.712%, which is estimated using 
(5.31). , the maximum difference of objective function value for all the considered cases, is 2.3% 
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Figure 6.11. Percentage of the profit obtained by each CES benefit for the three-VM case. 
 
Table 6.4. Variation of GA solutions over 10 runs for the three-VM case. 
Run no. Optimal size of CES in kWh (Bus) Fobj (Mil) 
1 299 (21) 1466 (9) 443 (31) 7.491 
2 306 (20) 1700 (9) 467 (29) 7.504 
3 297 (21) 1685 (9) 491 (30) 7.505 
4 270 (20) 1513 (9) 425 (31) 7.491 
5 188 (22) 1637 (9) 384 (31) 7.451 
6 307 (21) 1677 (9) 488 (29) 7.504 
7 308 (22) 1913 (8) 520 (32) 7.454 
8 272 (20) 1703 (10) 498 (31) 7.504 
9 285 (22) 1883 (8) 574 (32) 7.454 
10 282 (19) 1706 (8) 494 (31) 7.461 
Best 297 (21) 1685 (9) 491 (30) 7.505 
Worst 188 (22) 1637 (9) 384 (31) 7.451 
Maximum different (%) 0.712 
9%
3%
<1%
54%1% <1%
33%
PG
AB
LR
TDB
REC
VSB
RC
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6.5.2.3 Cost-Benefit Analysis 
A cost-benefit analysis and comparative study have been carried out to quantify the profitability 
of CES deployment and validate the effectiveness of the proposed CC method over the PI method. 
Two scenarios are considered as follows: 
 
Scenario 1: VM design using the CC approach. 
Scenario 2: VM design using the PI approach. 
 
For both scenarios, the CES deployment strategy presented in Subsection 6.3.3 is utilized to 
allocate and operate CES in VMs for maximizing the total NPV of CES investment. The cost-benefit 
analysis is then conducted to estimate the BCR and DPP of both scenarios for different number of 
VMs. Figure 6.12 shows the total NPV and BCR, while Figure 6.13 depicts the DPP of CES 
investment for VM construction with CES using the CC and PI approaches for different number of 
VMs.  
As can be seen in Figure 6.12, CES deployment in the constructed VM based on the CC method 
achieved the highest NPV for the case of three-VMs while the lowest profit is obtained when 6 VMs 
is constructed in the test system. Accordingly, for Scenario 1, the highest BCR i.e. 2.95 is obtained 
when three-VMs are designed in the system while the lowest BCR is 2.55, computed for the six-VMs 
case. This is the same as that gained by CES deployment in VM designed using the PI approach 
except that the lowest total NPV is obtained for the case of two-VMs. It is also observed in Figure 
6.12 that the total NPV and BCR obtained from the constructed VM with CES using the proposed 
method outweigh that based on the PI index for all the cases.  For example, in the case of six-VMs, 
Scenario 1 generates almost 1% and 6% higher values of total NPV and BCR respectively than that 
obtained in Scenario 2. With respect to the DPP, it is found from Figure 6.13 that Scenario 1 yield 
faster DPP value than Scenario 2 for all cases except for the cases of two and five-VMs. The fastest 
DPP is recorded in the cases of three and six-VMs in Scenario 1 (i.e. 1.1 year) and the case of six-
VMs in Scenario 2 (i.e. 1.16 year). Overall, the findings reveal that the microgrid design based on the 
proposed approach (i.e. CC) can result in more profitable CES deployment in VMs than the PI 
approach. 
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Figure 6.12. Total NPV and BCR of VM construction with CES using CC and PI approaches 
for different Nv. 
 
Figure 6.13. DPP of VM construction with CES using CC and PI approaches for different Nv. 
6.5.2.4 Operational Characteristic of CES 
Figures 6.14 and 6.15 are employed in order to visualize the effectiveness of the proposed 
CES’s operational characteristic. Figure 6.14 shows the diurnal active power dispatched by a CES 
and the demand profile with and without CES in VM1 throughout a day in winter for the case of 
three-VMs. In addition, the historical electricity price for the day is also presented in Figure 6.14. 
Meanwhile, Figure 6.15 illustrates the operating voltage distribution of the whole system for four 
days where each day represents a day in 4 different seasons in the case of three-VMs. As can be seen 
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from Figure 6.14, CES discharges its active power during the peak hours (i.e. from hour 19 to hour 
23) to reduce the demand to the discharging threshold of 1100 kW. The highest peak demand 
reduction is computed during hour 20 that is about 30% of the total load demand without CES. It is 
shown from the figure that the proposed CES’s dispatch strategy ensures that all the demand power 
will not exceed the discharging threshold, which is identified using the procedure described in 
Subsection 6.3.3. As for the charging strategy, CES is first controlled to charge active power to ensure 
that the reverse power flow in the VM not exceeding the required limit of 50 kW for the study case. 
As shown in Figure 6.14, if no demand power in VM1 with CES exceeds the reverse power flow 
limit, then the price-based charging strategy will take place to charge CES during the low electricity 
price until the CES is fully charged without violating the CES’s capacity limits. This can be found at 
hours 9, 11, and 12 where CES charged at amount of 422 kW, 478 kW and 478 kW respectively due 
to the low electricity price during this times. This strategy may reduce the cost of buying energy from 
the grid. It is noted that although the electricity price during hours 2 to 6 are much lower than that 
during hours 9,11 and 12, CES will not charge during these hours. This due to that the load demand 
profile during these hours are exceeding the average demand power over the day. Thus, the charging 
mode will not applied during these periods. If the charging process is allowed during these times, this 
may help in reducing the system load factor and increasing the peak demand.  
With respect to the reactive power dispatch strategy for CES, it can be observed from Figure 
6.15 that the proposed method is able to improve the voltage profile in the VM. Specifically, by 
dispatching CES at its optimal power factor, the system can maintain its voltage profile within the 
permissible limits. Conversely, it is shown in Figure 6.15 that operating voltages for systems without 
the CES deployment and with CES operated at unity power factor are violated its lower limit (i.e. 
0.94 p.u).  
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Figure 6.14. Electricity price, the diurnal active power dispatched by a CES unit and demand 
profile in VM1 throughout a day in winter for the case of three-VMs. 
 
 
Figure 6.15. Operating voltage distribution for the three-VMs case. 
6.5.2.5 New Business Model of CES 
Figure 6.16 shows the total annual electricity bills for residential consumer with and without the 
deployment of CES’s business model in the case of three-VMs for two different residential tariffs that 
are time-of-use (TOU) and time-of-use demand charge (DC).  This work is carried out to confirm   
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the effectiveness of the new business model of CES in reducing the consumer’s electricity bills.  As 
shown in Figure 6.16, the total annual electricity bills for 2112 prosumers without CES are 5.4 and 
4.45  Mil AU$, which are respectively calculated using the TOU and DC tariffs. Another observation 
is that the proposed CES’s business model is able to reduce the total annual electricity bills by almost 
6% and 13% from the case without CES for that computed using the TOU and DC tariffs respectively. 
Whereas, Table 6.5 shows the annual profit gained by each prosumer in the case of three-VMs after 
joining the business model using the TOU and DC calculated using (6.25). It is shown from the table 
that the prosumer that uses the DC tariff gained more profit from the business model which is 8 times 
higher than those who employs the TOU demand. The finding shows that the business model is 
effective in reducing the residential consumer’s electricity bills and providing a financial profit to the 
consumer especially for those who utilize the DC tariff. It is expected that the business model will be 
more attractive to the consumer if utility reduces the monthly CES rent fees. Consequently, more 
financial profit could be gained by the prosumer through the proposed business model. 
 
Figure 6.16. Total annual electricity bills for consumers in the case of three-VMs. 
 
Table 6.5. Annual profit gained by each prosumer in the case of three-VMs 
Electricity tariff Annual profit gained by each prosumer (AU Dollars) 
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6.6 Summary 
This chapter presented a comprehensive framework for VM development with CES in residential 
networks with rooftop PV for maximizing the total NPV over a specified planning horizon. This 
framework proposed a new approach to design VMs based on minimizing the CES Capacity index. 
In addition, a new dispatch strategy and a novel business model for CES in each VM are introduced 
to increase the profit gained by the utility and consumers while considering the load dependency on 
voltage and the probabilistic generation-load model. The results demonstrated that the proposed 
framework is able to cluster a residential network with rooftop PV into a specified number of VMs 
and identify the optimal location, site and operational characteristic of CES in the microgrid for 
maximizing the total NPV of CES deployment. It is found that for the specific test system used in this 
work, the optimum total number of VMs to achieve the maximum profit is three while an increment 
in the total number of VMs may not be profitable from the economic point of view. The comparative 
study revealed that the microgrid design based on the CES capacity index results in more profitable 
CES deployment in VM than that using the power imbalance approach. In addition, the proposed 
strategy for dispatching CES’ active power in each VM is effective in reducing the peak demand, 
preventing the violation of the reverse power flow limit and maximizing the profit from the energy 
arbitrage. Meanwhile, the presented business model for CES contributes a profit of almost 33% from 
the total benefit of CES deployment and effectively reduces the consumer’s electricity bills. 
Furthermore, it provides a financial profit to the consumers, especially for those who utilize the TOU 
demand charge tariff. 
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CHAPTER 7 
 
CONCLUSIONS, CONTRIBUTIONS AND FUTURE  
WORKS 
 
7.1 Conclusions 
 CES concept has becoming popular due to its numerous benefits and application at medium 
scale in distribution networks (DN). In this thesis, comprehensive CES planning frameworks for 
achieving various techno-economic benefits in residential network with rooftop PV are presented.  
The thesis can be summarized along with main findings drawn from the individual chapter as below. 
Chapter 2 describes the introduction of CES concept, current technologies available for CES, 
CES benefits and challenges in supporting smart distribution system especially in mitigating the 
impact of RES. Based on the survey, challenges in CES deployment can be classified into five issues, 
which are its high cost, lack of planning frameworks, appropriate thermal management strategies, 
modelling and effect of DER unit integration. A comprehensive literature review on the studies of 
CES operation and planning strategy in distribution network was also presented in this chapter. It was 
observed that the impact of both ES charging and discharging on energy losses in DN with RES were 
not thoroughly assessed in the previous works. In addition, various methods have been used by 
previous researchers to identify the proper site of ES in DN. However, the effectiveness of LSF 
method in solving the problem has not yet been investigated and verified. LSF method has been 
known as one of reliable methods for determining the optimal location for single and multiple DG, 
the proper site for capacitor and the optimal region for microgrid construction in distribution systems. 
Compared to other existing methods, LSF approach is simpler and can provide a comprehensive 
overview on the candidate site for ES where it gives a relative ranking about the best to worst 
locations. With respect to the approach used for solving the problem of ES allocation in DN, most 
existing works favoured heuristic method over the analytical method. Meanwhile, most studies that 
utilize the analytical method have predefined the site for ES. Besides, it was observed that very scarce 
works were found on allocated ES for achieving the load factor enhancement along with energy losses 
reduction and voltage profile improvement.  Review on ES planning considering its costs and benefits 
were also presented in this chapter. It was found that most of the existing studies on this issue only 
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considered one or a few financial benefits from ES deployment. With respect to the VM development 
with CES. The thorough review of literature showed that adequate works were conducted on 
designing microgrid in DN. However, studies on VM design focusing on the residential DN with 
rooftop PV are still lacking. Again, works on identifying the optimum ES planning in microgrid did 
not comprehensively take into account all possible benefits of ES which may lead to the financial 
losses.  
The technical contribution of this research starts with Chapter 3 where detailed assessment of 
energy loss reduction in a radial distribution network with PV units through load levelling using ES 
is presented. Chapter 3 also introduced a new approach to allocate ES units in a distribution network 
with PV units considering energy losses based on the difference between the minimum and maximum 
LSF values, ΔLSFmax. The specific conclusions from this chapter can be summarized as follows: 
 The location of ES can greatly influence the value of energy losses in distribution systems 
where ES located close to the load achieves an energy loss reduction higher than that near the 
source or substation where DN traditionally receives electrical energy.   
 For a radial system with uniformly distributed loads, the highest energy loss reduction is 
obtained when ES and PV are located at the end of the feeder.  
 It is also shown that when distributed PV units are located at the end of the feeder, the energy 
loss is rather sensitive to ES locations. 
 The optimal ES capacity obtained through load leveling produces a maximum energy loss 
reduction. This capacity was adequate to bring the system daily load factor close to unity.    
 The distributed ES allocation can yield almost twice as high as loss reductions than centralized 
ES placement.    
 Locating ES using the proposed ΔLSFmax approach can yield lower energy losses and better 
voltage profiles than other siting methods: average LSF, centralized ES (i.e. ES is located at 
the substation) and ES located near the PV units.   
 As the capacity of ES is increased, the location of ES where the energy loss is lowest moves 
from the bus located at the end of the lateral to that closer to the substation.   
 Single ES placement at the optimal point using the ΔLSFmax approach could be the best option 
for maximizing ES benefits in terms of loss reduction, peak shaving and voltage profile 
improvement when compared to centralized and multiple ES placement.   
However, comprehensive allocation strategy that includes the determination of proper ES size, 
location and operational characteristics are essential for obtaining as much technical and economic 
benefits as possible with ES deployment.   
 153 
Chapter 4 proposed a new analytical framework for CES integration in a residential system with 
PV units. In this framework, three approaches were developed to address three important planning 
aspects of CES integration (i.e. size, location and power factor) to enhance different network 
performances. Firstly, a simple approach was derived from a COG theory to determine the location 
of CES for reducing the annual energy loss. Secondly, a load following control method was presented 
to identify the rated capacity of CES for achieving the desired annual load factor. Finally, the active 
and reactive power dispatched strategy of CES was developed for flattening the daily demand profile 
and improving the voltage profile. Moreover, a probabilistic method, which is simple and requires 
less input data and calculation, was presented to model the uncertainty of PV generation in an existing 
residential system. It was concluded from the numerical results that the proposed allocation strategy 
was able to determine the appropriate location, size and operational characteristics of CES for 
improving the system load factor to a desired value while minimizing the energy loss and enhancing 
the voltage profile significantly. Accordingly, it could be a useful study tool to facilitate the adoption 
of CES in residential systems to enable higher PV penetration. The specific conclusions from this 
chapter can be summarized as follows:  
 The value of loads and their locations have a higher impact on the location of CES for 
minimizing energy losses than distributed PV units in a distribution system.   
 There is a gradual reduction in the load factor value as more PV generation is penetrated in the 
system. This is due to the fact that the increment in the PV penetration leads to a reduction in 
the total annual energy demand as some of loads are met by the PV generation during the day. 
Furthermore, the peak demand which usually occurs during the evening is not much affected 
by the increment of PV generation, which also contributes to the reduction in the load factor 
value.   
 The load factor curve obtained using the probabilistic approach is in good agreement with the 
result using the ELF solution. Meanwhile, the traditional approach overestimated the annual 
load factor. 
 Within the range of the base case to maximum values, the annual load factor of the system has 
a linear variation with the CES penetration. Therefore, in order to enhance the annual load 
factor, more CES penetration is needed in the system. After the maximum point, any addition 
to the CES penetration cannot further improve the annual load factor.  
 Although the maximum load factor for scenarios that considered different level of PV 
penetrations in the same residential network is varied, the optimal CES penetration needed to 
achieve the maximum load factors for all the scenarios are almost the same. This indicates that 
the level of PV penetration does not affect the optimal size of CES to obtain the maximum 
annual load factor.   
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  A larger capacity of the CES is required to retain the load factor to a specific desired value 
when a distribution system accommodates higher PV penetration.   
 Significant reduction in the annual cost of buying energy from the grid, energy losses, VAr 
support were observed in the system using the proposed strategy.  
 The annual saved cost of VAR support decreases with respect to the increment of PV. This is 
due to fewer voltage violations recorded when more PV is penetrated in the system as some of 
the demand are met by the PV generation. 
Multiple CES deployment in distribution systems with rooftop PV based on a comprehensive cost-
benefit analysis was proposed in Chapter 5. The analysis incorporated all possible benefits and costs 
associated with the CES deployment. The benefits were achieved from energy arbitrage, peaking 
power generation, energy loss reduction, T&D system upgrade deferral, CO2 emission reduction and 
VAr support while the costs included CES’s capital, replacement and O&M costs. The NPV of CES 
deployment computed from a cost-benefit analysis was maximized to determine the optimal location 
and size of CES units as well as the optimal size of CES’s inverters. The probabilistic distribution of 
solar irradiance was incorporated in the analysis to consider the uncertainty of PV generation. The 
active and reactive power of CES units were dispatched to enhance load factors and voltage profiles 
respectively using a proposed optimal power factor approach. In addition, the impacts of the number 
of CES units, CES’s price reduction, PV penetration and load models on CES planning were also 
presented in this chapter. It was revealed from the numerical results that the proposed CES planning 
strategy was able to identify the optimal location and size of multiple CES units for maximizing the 
NPV while increasing the system load factor and improving the voltage profile. The specific 
conclusions from this chapter can be summarized as follows:  
 There was an optimal number of CES units that should be installed in the residential network 
with rooftop PV for achieving maximum NPV.  
 It is more profitable to install two-six CES units than one and seven CES units in the test 
system considered in this work. 
 The proposed CES planning strategy is able to increase the average daily load factor by at 
least 48% of the base case value. 
 Among the considered CES benefits, deferring T&D system upgrade produces the highest 
profit. This is due to the fact that upgrading the T&D system requires a large amount of 
investment that would yield a high economic benefit to the utility. In addition, low annual 
demand growth increases the number of years that the T&D system upgrade can be delayed, 
thus contributing to a high profit. Meanwhile, the second and third highest profits are obtained 
from the peaking power generation and energy arbitrage benefits. 
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 VAr support recorded the lowest benefit as in this case study, only a small amount of VAr is 
needed for voltage profile improvement. 
 Cost-benefit analysis conducted for CES deployment starting at current year (2015), year 2025 
and 2035 showed that there is a promising economic profit from CES deployment in later year 
due to the reduced cost of CES.    
 The amount of PV penetration has an insignificant influence on the optimal site of CES units 
which may be due to the dispersed rooftop PV deployed in the residential network.  
 The most profitable CES investment was computed when CES is deployed in the considered 
residential network with 20% PV penetration while the least profit was recorded by the system 
with no PV.  This finding reveals that CES deployment in a residential distribution network 
with PV generation is more profitable than that without PV. 
 CES planning strategy using the constant power load model may underestimate the 
profitability of CES investment. Consequently, more accurate load models should be included 
in ES planning to provide a more realistic outcome.  
In addition to the planning strategy discussed in Chapter 5, a novel framework of VM 
development with CES in residential network with rooftop PV for maximizing the NPV was 
presented in Chapter 6. The proposed framework began by first designing VM for the purpose of 
minimizing the expected capacity of CES needed to level the demand in every VM to its average 
demand value using an index, known as CES capacity (CC) index. Then, a new dispatch strategy of 
CES and comprehensive CBA were conducted to identify the optimal size, location and operational 
characteristics of CES in each VM for maximizing NPV of CES deployment while considering the 
load dependency on voltage and the uncertainties of PV generation. In addition, a novel business 
model for CES was deployed within the proposed framework to increase the profit gained by the 
utility and consumer. Comparative study have been carried out to quantify the profitability of CES 
deployment and validate the effectiveness of the proposed CC method over the PI method. 
Furthermore, the effectiveness of the new business model of CES in reducing the consumer’s 
electricity bills for two different residential tariffs that are time-of-use (TOU) and time-of-use demand 
charge (DC) was investigated. Numerical result demonstrated that the presented framework was able 
to cluster residential network with rooftop PV into a specified number of virtual microgrid and 
identify the optimal location, site and operational characteristic of CES in the microgrid for 
maximizing the total NPV of CES deployment. Additional specific conclusions that can be drawn 
from this chapter can be summarised as follows: 
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 The increment in the number of VM in the residential network may reduce the total capacity 
of CES needed to level the residential demand to its average demand and enhance the supply 
adequacy of the network. 
 For this specific case study, the optimum number of VMs to achieve the maximum profit is 3 
while an increment in the number of VMs may not be profitable from the economic point of 
view. 
 The highest profit is gained from the deferral of T&D system upgrade followed by the virtual 
CES renting and peaking generation. Meanwhile, the lowest profit is recorded by the VAR 
support benefit. 
 The microgrid design based on the proposed CC approach results in a more profitable CES 
deployment than that based on the traditional approach (PI). 
 The proposed strategy for dispatching CES’ active power in each VM are effective in reducing 
the peak demand, preventing the violation of the reverse power flow and voltage limits and 
maximizing the profit from the energy arbitrage.  
 The presented business model for CES may increase the profits gained by the CES investor 
and reduce consumer’s electricity bills especially for those who utilized the TOU demand 
charge tariff. However, it is expected that the CES business model will be more attractive to 
the consumer if the utility reduces the monthly CES rent fees. Consequently, more financial 
profit could be gained by the prosumer through the proposed business model. 
7.2 Contributions 
 
The main contributions of this thesis can be summarized as follows: 
i. Assessment on energy loss reduction in DN with PV units through load levelling using ES 
was conducted. A methodology based on the LSF was developed to identify the proper 
location of ES for minimizing energy losses in DN with PV units. 
ii. A strategic analytical planning framework that can determine the optimal location, size and 
operational characteristic of CES unit in DN with rooftop PV for load factor enhancement, 
energy losses reduction and voltage profile improvement was constructed. A new probabilistic 
method, which is simple and requires less input data and calculation, was developed to model 
the uncertainty of PV generation in an existing residential system. 
iii. A comprehensive planning framework for single and multiple CES units based on Cost 
Benefit Analysis for maximizing the NPV of CES deployment was proposed. The planning 
strategy accommodated all possible benefits and costs incurred from the deployment of CES. 
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Sensitivity analysis on the impacts of the number of CES units, CES’s price reduction, PV 
penetration and load models on the profitability of CES deployment were also conducted. 
iv. A novel framework of virtual microgrid construction with CES in residential network with 
rooftop PV for maximizing the NPV of CES deployment was proposed. Within the proposed 
framework, a new method for designing VM and a novel business model for CES were 
introduced to increase the profit gained by the utility and consumer. 
 
7.3 Future Research 
Various issues regarding the development of CES planning strategy have been presented in 
this thesis. Nevertheless, the study can be continued in the future to address other issues. These are 
as follows: 
i. The present study discussed the CES planning strategy in ADN for maximizing overall profit 
of its investment along with the growth of load only. Beside load, PV may also experience a 
significant growth. Therefore, research that proposes a planning framework for CES 
considering both the growth of load and PV could be useful. In addition, the impact of PV 
growth to the optimal allocation and overall profit of CES deployment should be further 
investigated. 
ii. When model the load for the residential distribution system, probabilistic approach could be 
considered to accurately present its variation along the planning horizon. Moreover, electricity 
price forecast can be included in the planning framework to have an exact projection of profit 
obtained from CES deployment.   
iii. With the rapid growth and exciting outlook of EV, a planning framework of CES in 
distribution network that considers this technology along with the rooftop PV could be useful 
for the utility and third party companies. Furthermore, the effect of EV proliferation in ADN 
to the optimal allocation and overall profit of CES deployment can be further evaluated.    
iv. The work proposed in this thesis considers a balance distribution system. For unbalance 
system, different allocation and operational strategies should be applied. Therefore, strategy 
that can identify the optimal CES allocation for unbalanced distribution system should be 
developed. For this system, a complex allocation problem that includes unbalanced 
multiphase modelling in power flow analysis need to be solved. In addition, several small size 
or single phase CES units with effective scheduling strategy may be needed to improve the 
voltage profile of any phase in the system. 
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APPENDIX 
 
Table A1  
Bus data for the 19-bus test system 
 
Bus Load at receiving end 
bus 
Relative coordinate 
(km) 
P (kW) Q (kVAr) X-axis Y-axis 
1 0 0 25.3 24.8 
2 270 131 25.3 21.3 
3 270 131 25.3 19.2 
4 225 109 28.5 19.2 
5 0 0 30.3 19.2 
6 0 0 33.3 19.2 
7 540 262 37.6 19.2 
8 180 87 25.3 15.4 
9 0 0 23.1 15.4 
10 135 65 18 15.4 
11 315 153 14.1 15.4 
12 180 87 10.1 15.4 
13 315 153 6.3 15.4 
14 0 0 0 15.4 
15 180 87 25.3 12.4 
16 270 131 25.3 7.8 
17 180 87 25.3 3 
18 90 44 25.3 0 
19 344 204 33.3 17.2 
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Table A2  
Line data for the 19-bus test system 
 
Line 
number 
Sending 
bus 
Receiving 
bus 
Resistance 
(ohm) 
Reactance  
(ohm) 
1 1 2 0.5632 0.5334 
2 2 3 0.3379 0.3200 
3 3 4 0.5149 0.4877 
4 4 5 0.2896 0.2743 
5 5 6 0.4827 0.4572 
6 6 7 0.6919 0.6553 
7 3 8 0.6114 0.5791 
8 8 9 0.3540 0.3353 
9 9 10 0.8206 0.7772 
10 10 11 0.6275 0.5944 
11 11 12 0.6436 0.6096 
12 12 13 0.6114 0.5791 
13 13 14 1.0137 0.9601 
14 8 15 0.4827 0.4572 
15 15 16 0.7401 0.7010 
16 16 17 0.7723 0.7315 
17 17 18 0.4827 0.4572 
18 6 19 0.3218 0.3048 
 
 
 
 
  
 
 
 
